Effect of age and dietary plane of nutrition on transcript profiles of ruminal tissue of Holstein bull calves by Naeem, Aisha
 
 
 
EFFECT OF AGE AND DIETARY PLANE OF NUTRITION ON TRANSCRIPT 
PROFILES OF RUMINAL TISSUE OF HOLSTEIN BULL CALVES 
 
 
  
BY 
AISHA NAEEM  
 
 
 
DISSERTATION 
Submitted in partial fulfillment of the requirements 
for the degree of Doctor of Philosophy in Animal Sciences  
in the Graduate College of the 
University of Illinois at Urbana-Champaign, 2011 
 
 
 
 
Urbana, Illinois 
 
 
 
Doctoral Committee: 
 
Associate Professor Juan J. Loor, Chair 
Professor James K. Drackley  
Professor Walter L. Hurley  
Assistant Professor Yuan-Xiang Pan 
 
 
 
  ii
ABSTRACT 
 
 Transition around weaning in calves is as important as the transition around calving and 
largely depends on the metabolic and functional development of rumen. Higher protein intake 
during the early life period can induce changes at the transcriptional level to promote the early 
development of the rumen. This may benefit physical and metabolic rumen development. This 
study assessed the effects of enhanced early dietary plane of nutrition (ENH) and age on the gene 
expression pattern of ruminal epithelial tissue of neonatal Holstein calves. Male Holstein calves 
were fed (3 to 42 d age) reconstituted control milk replacer (MR) (20% CP, 20% fat; 1.25 lb 
solids/calf) plus conventional starter (19.6% CP, DM basis) or a high-protein MR (ENH; 28.5% 
CP, 15% fat; at ca. 2% of body weight) plus high-CP starter (25.5% CP, DM basis). Groups of 
calves in control and ENH were harvested after 43 d (wk 5) and 71 d (wk 10) of feeding. The 
ruminal epithelium from 5 calves in each group was used for transcript profiling using 
quantitative PCR and bovine oligonucleotide microarray. Reticulo-rumen mass post-weaning 
was greater (P<0.01) in calves consuming ENH diet. Transcriptome analysis revealed that 208 
genes were modulated due to treatment and 587 due to time alone. Two-way comparisons were 
made to further computational analysis of the data; within diet (5 wk, ENH vs. CON; 10 wk, 
ENH vs. CON) and within time (ENH; 10 wk vs. 5 wk, CON; 10 wk vs. 5 wk). Due to an 
interaction at wk 5, 68 differentially expressed genes (DEGs) were observed and 53 at wk 10 
(FDR P value <0.20; P value <0.15). An induction of most metabolic pathways and signaling 
pathways was seen in the week comparison in ENH (ENH; 10 vs. 5) but not in control (CON; 10 
vs. 5). For the time effect, except for metabolism, all the signaling and genetic information 
pathways were inhibited at wk 10 as compared to wk 5. The identified genes were mainly 
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associated with cellular growth and proliferation, cell death, cellular morphology and tissue 
development. The differential expression of selected genes was verified by real time (RT) qPCR. 
The expression of genes involved in cell proliferation (INSR, FOXO1, AKT3) was greater for 
ENH primarily at the end of the milk-fed period. The qPCR analysis revealed a marked up-
regulation of the ketogenic genes HMGCS2, HMGCL, and BDH1 and urea transporter 
(SLC14A1) corresponding to an increased plasma β-hydroxybutyrate (BHBA) concentration and 
blood urea-N (BUN) by wk 10 regardless of treatment. The expression of the urea transporter 
(SLC14A1) increased markedly with age and was correlated with the increase in blood urea-N 
(BUN). These findings open new perspectives for further studies on diet-dependent alterations in 
neonatal calf ruminal epithelium. 
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INTRODUCTION 
 
           Transition around weaning in calves is as important as the transition around calving. 
Successful weaning largely depends on physical, metabolic, and functional development of the 
rumen. To minimize the length of milk feeding period, to wean the animals successfully and 
reducing the age at first calving is prime concern of dairy farmers. Davis and Drackley (1998) 
suggested a restricted liquid feeding program to encourage early starter consumption, thus, 
promoting early weaning. However, the success of a dairy operation depends in part on a sound 
replacement program that can benefit the producers as well as calf health. 
The above-mentioned objectives of heifer raisers have been approached by 
implementation of an enhanced early dietary plane of nutrition. The effect of increasing the 
amount of milk solids and/or feeding rate of milk or milk replacer on growth performance of 
neonatal calves has been investigated in enhanced early nutrition programs. An increased rate of 
growth and reduction in age at first calving (AFC) has been achieved in these trials. However, 
reduction in starter consumption due to feeding increased amounts of milk or milk replacer has 
been reported (Huber et al., 1984; Jasper and Weary, 2002; Brown et al., 2005; Hill et al., 2006; 
Quigley et al., 2006; Khan et al., 2007, Hill et al., 2007b; Kristensen et al., 2007). Lower starter 
intake may potentially limit rumen development during the transition at weaning. Promoting 
early consumption stimulates development of the reticulo-rumen and eases the weaning 
transition from a liquid diet to a dry diet. To minimize nutritional stress on the calf, enough dry 
feed must be consumed prior to weaning to at least supply maintenance requirements for energy 
and protein.   
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Increasing the starter crude protein (CP) content offers a solution to prevent a lag in 
growth at weaning. Because the CP content of milk replacer must be increased relative to 
conventional milk replacers to support the greater rates of lean tissue growth, it also has been 
assumed that starter CP also would need to be increased. In addition, the greater utilization of 
dietary protein for whole body protein synthesis in early postnatal life has been reported 
previously. The National Research Council (NRC) publication Nutrient Requirements of Dairy 
Cattle (NRC, 2001) suggests 18% starter CP on a dry matter (DM) basis for calves fed enhanced 
milk replacer. Stamey (2008) investigated the changes in calf growth and body composition 
between an enhanced early nutrition program (28% CP, 20% fat plus starter 25.8% CP, DM 
basis) and a conventional milk replacer (20% CP, 20% fat plus starter 20.4% CP, DM basis) 
program from birth to 10 wks of age. Stamey (2008) observed significantly increased weight of 
reticulo-rumen due to milk feeding rate at wk 10. The present study has been focused on 
investigation of underlying molecular mechanism that might have facilitated the greater weight 
of reticulo-rumen. Higher protein intake during early postnatal life can induce changes at the 
transcriptional level to promote the early development of the rumen, which may benefit physical 
and metabolic rumen development.  
Specific Aims 
Primary Aim: To analyze pre and post weaning plane of nutritional effects on transcript profiles 
of the ruminal epithelium tissue of neonatal Holstein calves. 
 Secondary Aim: To analyze the ontogenic effect at the transcriptional level on the ruminal 
epithelium tissue of neonatal Holstein calves. 
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CHAPTER I 
LITERATURE REVIEW 
 
Background 
Proper nutritional management of dairy heifers is one of the most essential components 
of the dairy industry. To gain maximum and early benefit, producers want heifers to reach a 
proper weight and size as soon as possible for breeding. Because of high prices for milk it is 
beneficial for producers to wean the calves as early as possible without compromising calf 
growth, performance and health. Successful early weaning of dairy calves is the most beneficial 
strategy for dairy herd management and producer benefits. The shorter the transition period, the 
better it is for producers, as they have to spend less on highly priced milk or milk replacers. 
Weaning is defined as the period of transition from preruminant to ruminant when 
animals stop taking liquid diets and rely only on solid diets for their nutrient requirements.  Dairy 
calves should be weaned when they start consuming 0.7- 0.9-kg/d starter. After weaning, ad 
libitum hay should be provided to calves. The most important criterion for weaning is adequate 
rumen development. The physical development, like expansion of volume and musculature of 
the rumen, occurs with age and bulk in the rumen. The metabolic development of ruminal 
epithelium tissue begins with starter intake that contains highly fermentable material (Davis and 
Drackley, 1998). Also, dairy heifers reach the breeding age sooner if they attain proper body 
weight and size due to successful functioning of the rumen. Thus, this transition period from 
non-ruminant to ruminant is critical, not only for producers, but also for animal health. 
Changes accompanied with rumen development do not include only growth and cellular 
proliferation and differentiation by rumen but also many other surrounding events. Due to 
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change in rumen capacity and greater food processing, the pattern of nutrients being delivered to 
the portal-drained viscera, mainly intestine and liver, also changes. Thus, peripheral tissues have 
to respond adequately in response to this shift of nutrients. In addition, the ruminal epithelium 
serves as a barrier membrane and also performs several physiologically important functions. 
These functions include absorption, transport, short-chain fatty acid metabolism, and protection 
of metabolic actively ruminal epithelial layers (St. basale and spinosum) (Ga´ lfi, 1991, Stevens, 
1969). In young-growing ruminants, variations in the type and form of nutrients supplied may 
alter cellular proliferation, total nutrient use by the gut, and ultimately, nutrients available to 
support growth.  
 
The rumen as a rudimentary organ 
The pre-ruminant stomach is made up of the same four compartments as the adult 
ruminant stomach. Based on tissue weight reticulo-rumen, omasum and abomasum comprise of 
67%, 18%, and 15 % of adult rumen respectively as compared to 38%, 13%, and 49% at birth 
respectively (Warner, 1965). At birth, the rumen accounts for 10% of the total gastrointestinal 
tract (GIT) and is unable to perform any metabolic and physiological function (Lesmeister and 
Heinrichs, 2005). However, a mature ruminant reticulo- rumen occupies more than 70% of GIT 
by volume (Stobo et al., 1966). Initially, the abomasum is the main and largest digestive organ 
that digests milk bypassed from the rumen. The bypass of milk or milk replacer (MR) from the 
rumen occurs due to presence of a structure “esophageal groove” however a little amount of 
leakage may occur in reticulo-rumen.  
Rumen development starts when calves start to consume solid food and water. It 
gradually increases in size, ruminal papillae length, number, and volume increases, and 
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metabolic development occurs (Baldwin, 2004, Warner et al., 1956). Thus, the digestive tract of 
ruminants transits to well-developed digestive system from monogastric type of digestive system 
in the early life period (Lesmeister and Heinrichs, 2005). The physical development of the fore-
stomach is stimulated by presence of bulk in the rumen like hay but metabolic development 
starts with fermentation end products especially short chain fatty acids (SCFA). Fermentative 
end products, especially butyric acid and propionic acid play major roles in the metabolic 
development of rumen and growth of the tissue (Sutton et al., 1963). Some fermentative activity 
may occur in the milk feeding period. This is due to leakage of milk in the rumen caused by the 
incomplete closure of the esophageal groove. This does not result in efficient rumen 
development. Lane et al. (2000) showed that milk fed lambs had some degree of rumen 
morphological development and increase volume of rumen content from d1 to 84 of life. 
Absolute amounts of SCFAs were increased with age in the milk-fed group but no change in 
concentration of SCFAs was detected. The rumen development and the greater rumen content 
with age in the milk-fed group could be related to increased spillage of milk in the rumen with 
the passage of time (Lane et al., 2000).  
 
Structure of ruminal epithelium 
The function of rumen as a fermentation vat, protective sheet, and a diet mixer is 
attributed to its special structure. The rumen is covered by stratified epithelium with leaf-like 
papillae usually 10-15mm in length. The ruminal epithelium consists of four strata; stratum 
basale, stratum spinosum, stratum granulosum, and stratum corneum. Stratum basale and stratum 
spinosum face the basal lamina and are rich in mitochondria. Most of the metabolic functions 
occur in the basale and spinosum layers. Stratum corneum is highly cornified and performs 
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protective functions against harsh rumen environments. Large gaps exist between individual cells 
of stratum corneum, while stratum granulosum has tight junctions between them. A neonatal 
ruminant has neither stratum corneum nor distinct stratum granulosum (Graham et al., 2005, 
Steven, 1969). 
In mature sheep, dietary composition and regimes largely affect the number of cell layers 
in stratum corneum (Gaebel et al., 1987). These investigators found higher numbers of cell layers 
of stratum corneum (4-18) in 90% concentrate-fed sheep than in 64% concentrate-fed sheep (3-
12). The number corresponded to only 4 cell layers of stratum corneum for hay-fed sheep 
(Gaebel et al., 1987). Low ruminal pH, increased propionate, and butyrate in high concentrate 
diet in this experiment might be a factor affecting the number of cell layers in stratum corneum. 
The greater thickness of stratum corneum in concentrate-fed animals may be a physiological 
adaptation against low ruminal pH observed in this group. Though no difference was found in 
most metabolically active stratum spinosum, there were numerical differences among treatments 
with highest numbers (i.e., 11- 20) observed in the 64% concentrate-fed group (11- 20) as 
compared to 7-16 in the 90% concentrate-fed group. Again, the lowest range (9-13) was seen in 
the hay-fed group that showed lower metabolic adaptation due to diet limitation (Gaebel et al., 
1987). A mixture of salts fed at 10% w/w of a concentrate starter ration resulted in thickening of 
stratum corneum in Holstein calves (Gilliland et al., 1962). A five-fold increase in thickness of 
ruminal epithelium of lambs fed solid feed than that of milk fed group also was observed 
previously (Giesecke et al., 1979). 
Cell proliferation occurs basically in basal layer of epithelial cells (Watt, 1989). Stratum 
granulosum does not have nuclei or cytoplasmic organelles and cells within the granular layer do 
not retain the ability to divide. The cornified envelope is composed of insoluble proteins called 
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keratin. Thus, due to its structural composition, stratum corneum decreases tissue permeability 
and excessive water loss. In addition, it protects the metabolically functional layer of ruminal 
epithelium from harsh rumen environments. The function of protection by ruminal epithelium is 
attributed to its thickness. The cornified cells are continually lost and replaced by proliferating 
keratinocytes that arise from the basal layer and undergo subsequent terminal differentiation 
(Watt, 1989).   
The structural proteins of the ruminal epithelial cell may also respond to dietary or 
developmental changes. Proteins associated with squamous cell differentiation in the stratum 
corneum can be used as molecular markers of physical development of the rumen (Wang et al., 
1996). Wang and coworkers (1996) identified two cDNA clones of small proline-rich (SPRR) 
proteins encoding small proline-rich proteins expressed in sheep ruminal epithelium. These 
proteins are thought to be precursors of cornified envelope proteins in ruminal epithelium. In this 
experiment, the ruminal epithelium was collected from lambs at 0.5, 4, 7, 14, 28, 42, 49, 56, and 
84 days of age. Using plus minus screening, they identified clones SPRRII and PRD-SPRRII in 
ruminal epithelium of mature sheep but not in neonatal epithelium (1wk old). On the basis of 
different patterns of mRNA and protein expression of the two proteins, these might have 
different roles. SPRRII mRNA starts appearing with initiation of stratum corneum and 
granulosum formation i.e., about 1 wk after birth. The PRD-SPRRII protein may function both in 
ruminal growth and maintenance, since the PRD-SPRRII mRNA level maintains a plateau 
during and after the period of allometric growth. Thus, small proline-rich (SPRR) proteins can be 
used as markers for stratum corneum squamous cell differentiation.  
Insulin growth factor 1 (IGF1), insulin, and growth hormones regulate gastrointestinal 
development of neonatal animals. A study by Herman et al. (2004) reported that IGF-I genotype 
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is related to muscularis thickness, submucosal growth, and thickness in the neonatal mouse 
ileum. In IGF1 knockout mouse thickness was 7.98m as compared to 12m in wild types 
(P<0.05). Dietary insulin (2.5mg/l) (Huo et al., 2006) and dietary IGF1 (2 micrograms/ml) (Xu et 
al., 1994) significantly increased the DNA content (mg/g of mucosa) and DNA synthesis in the 
mucosa of distal in neonatal pigs. Insulin and IGF1 receptors (Herman et al., 2004) have been 
reported in gastrointestinal tract of many species with higher affinity for insulin in young animals 
(Tang et al., 2002). Thus, gene expression studies may provide useful tools to investigate the 
effect of dietary supplements and age on thickness of rumen mucosa as well. 
 
Rumen development: Increase in organ mass  
In the transition from young calf to adult animal, many physical changes occur in the 
rumen. These include increase in size, length, number, and density of papillae, and keratinization 
of the epithelia lining and muscular development (Van Soest, 1994). All these changes help in 
better functioning of the rumen at least in part by increasing the absorptive area. Establishment 
of stable population of bacteria, fungi, and protozoa inside the rumen forms a symbiotic 
relationship and is another important criterion for functional development of the rumen. An 
increase in rumen weight and physical stimulation by the type of food fed can initiate 
muscularity. Hay or ruminaly inert materials like nylon bristles (Warner et al., 1956), plastic 
sponges (Tamate et al., 1962), and wood shavings (Smith, 1961) aided in the increase in volume 
and musculature of the reticulo rumen but not papillae development (Stobo et al., 1966). The 
papillae development relies more on nutrient composition of the diet (Preston, 1963) and the 
presence of SCFAs in the rumen (Sander et al., 1959) as compared to just the gut fill. The rumen 
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wall remains thin and retarded papillae development occurs in the absence of solid feed (Warner, 
1965).  
More precisely, dry feed consumption with highly fermentable feedstuff stimulates 
morphological development of rumen papillae. Some degree of rumen morphological 
development starts with milk or milk replacer intake due to the incomplete closure of esophagus 
in young ruminants and ferment to produce SCFA (Church, 1969). The short chain fatty acids 
(mainly acetic acid, propionic acid, and butyric acid) are produced as a result of fermentation of 
carbohydrate and protein (Warner et al., 1956). Experiments with intra-ruminal infusions of 
these acids in milk fed calves increased growth rate of the rumen papillae (Sutton et al., 1963, 
Tamate et al., 1962). These SCFAs are metabolized by the ruminal epithelium during absorption. 
Increased blood flow through the rumen (Sander et al., 1959) and energy produced as a result of 
SCFA metabolism is used for growth of epithelial tissue. The butyric acid is utilized extremely 
(>90%) by the epithelium and thus considered a major stimulator of rumen development. 
Therefore, early consumption of dry feed (starter) must be promoted for efficient and early 
development of the rumen. 
Lane et al. (2000) observed a shorter length and width of papillae in lambs allowed to 
access solid feed from d 49 to d 84 (35 days) as compared to conventionally fed lambs (Church, 
1969). Increased papillae development, rumen volume and issue development of fore stomach 
from four weeks of age of the calves receiving dry feed was observed by Warner et al. (1956). In 
conventionally raised lambs, solid feed consumption starts at d 14 after birth (Church, 1969). In 
milk fed lambs from d1 to 84, absolute amounts SCFA increased with age without any effect on 
SCFA concentration but did not promote efficient development of rumen papillae (Lane et al., 
2000). Therefore, longer exposure to solid feed helps in increasing the amount of bacteria at an 
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early stage resulting in higher SCFA concentrations that help in the process of rumen 
morphological development.   
Stobo et al. (1966) studied 30 Ayrshire bull calves from 21 days of age until 83 days of 
age. From 3 weeks of age calves were fed 7.5% crude protein (CP) hay ad libitum with a 20% 
crude protein concentrate diet of 0.45, 0.91, 1.36, 1.81, or 2.27 kg per day. Six calves were 
slaughtered at 3 weeks of age before consuming dry feed. The remaining calves were slaughtered 
at 84 days of age in order to determine digestive tract development. Calves that were fed more 
concentrate, consumed less hay. The calves fed 1.81 and 2.27 kg of concentrate diet had 
extensive ruminal development with 1.89 and 2.12 kg of reticulo-rumen as compared to calves 
on the other treatments (<1.79kg). Thus, at a higher intake of crude protein, rumen development 
was observed to be more efficient. 
Butyric and propionic acid have the greatest stimulatory effect on growth and 
development of the ruminal epithelium. Butyric acid is metabolized extensively (>90%) whereas 
~70 % propionic acid is metabolized during absorption. Therefore, after butyric acid, propionic 
acid is a preferable energy source for ruminal epithelium cells. They could be in higher demands 
for rapidly proliferating rumen epithelial cells during early stage of life. Gorka et al. (2009) 
studied the effect of butyrate supplementation (0.3%) in milk replacer and starter for a period of 
26 days in bull calves. A tendency (P<0.15) for an increase in reticulo-rumen weight and growth 
rate was observed in sodium butyrate treated group. However a significant effect was observed 
on rumen papillae length and width. In contrast, Zitnan et al. (2005) found the ruminal papillae 
development in Holstein calves was related to molar proportion of propionic acid rather than 
butyric acid. 
  
 
11
Molar proportions of the SCFA may also differ due to food processing. To study the 
effect of food processing on rumen development due to differential production of SCFAs, 
Lesmeister and Heinrichs (2004) studied 92 neonatal Holstein calves. The calves were fed 
texturized calf starters containing 33% whole (WC), dry-rolled (DRC), roasted-rolled (RC), or 
steam-flaked (SFC) corn. Calves received a 20% CP, 20% fat, milk replacer containing all milk 
protein from 3 d of age until weaning. The calves were fed twice a day at 10% of birth weight 
mixed at 12.5%. Twenty-eight calves were ruminal fistulated at 7 d of age and assigned to 4 
treatments. All calves were weaned at day 28 and the study period was 42 d. Rumen tissue was 
collected from a subset of 12 male calves and papillae length, papillae width, and rumen wall 
thickness at week 4. Rumen fluid and blood samples were obtained 1 d a week during wk 2 to 6. 
Calves fed starter with DRC had significantly higher total dry matter intake than those were fed 
RC and SFC. However, blood volatile fatty acid concentrations and papillae length and rumen 
wall thickness were significantly higher in SFC fed calves. Type of starter fed affected the 
ruminal and blood VFA profile as well as morphological development of rumen. Higher blood 
and ruminal SCFA concentration and higher papillae length and rumen wall thickness in SFC 
indicate that food processing can effect rumen physical and metabolic development.  
Shen et al. (2005) examined the effect of n butyric acid infusion on rumen papillae and 
cell proliferation. Four-year-old castrated bulls were assigned to four treatment groups. Three 
animals fitted with rumen cannula were fed twice daily at a low and high nutritional level (LL 
and HL, CP ~140g/kg DM), i.e., at 1.16 maintenance (M) and 1.66M, respectively. A 500g of 
butyric acid was infused daily in castrated bulls fed high concentrate and low concentrate diet for 
14 days. The rumen morphology in terms of greater size and number of papillae was affected due 
to butyric acid supplementation and high energy diet. Also number of proliferative cells (S phase 
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cells) increased from 6.4 to 12.5% due to administration of n-butyrate. Besides that an increase 
in the nutritional level (BOLL vs. BOHL) induced a shrinkage of epithelial papillae cells by from 
433 – 247 fl/cell (P<0.01) that was prevented by n-butyric acid administration (BOLL vs. 
B500HL, 433 - 415 fl/cell). Thus, induction of apoptosis with an even higher rate of cellular 
proliferation underscored the effect of butyric acid on ruminal epithelial cell proliferation (Shen 
et al., 2005). 
 
Ruminal epithelial cell proliferation  
The proliferation of intestinal tissue starts during fetal development and rapidly 
progresses in immediate neonatal period to absorb nutrient form milk (Morisset, 1993). Ruminal 
epithelial cell proliferation has been studied in vivo (Sakata et al., 1980, Sakata and Tamate, 
1978b) and in vitro  (Shen et al., 2005, Shen et al., 2004). The nutrient supplied in early life may 
alter the rate of cellular proliferation and aid in development of the fore-stomach in ruminant. 
Therefore, to understand factors affecting regulatory mechanisms of cell proliferation and 
differentiation is crucial for ruminant nutrition.  
A higher SCFA production rate was known to stimulate ruminal epithelial cell 
proliferation (Orskov, 1976). Sakata and Tamate (1978) showed SCFA concentrations of 
18mmol/kg/day stimulated cell proliferation in adult sheep with the highest effect on butyric 
acid. Although propionate and acetate also have been shown to stimulate mitosis when 
administered as a single dose (Sakata and Tamate, 1979). Mitosis indices (number of basal cells 
nuclei showing mitotic figure / total basal cell nuclei counted) were stimulated by butyric acid 
infusion in sheep ruminal epithelial cells. The ruminal papillae were biopsied from two adult 
sheep infused intra ruminaly with sodium n-butyrate (2g/kg) at intervals of 10s or 20-24 hrs. The 
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mitosis indices were not changed with Na- butyrate infusion at interval of 10s however, with 
slow infusions (20-24hrs) a sharp increase was observed (Sakata and Tamate, 1978b). Their 
results depicted that an increase in butyrate production under physiological conditions might 
affect the proliferation of epithelial cells, as such a rapid fluctuation of SCFA (10s) is not 
observed in normal conditions.   
Apart from the effect of butyrate on the epithelial cell proliferation in vivo, in cultured 
ruminal epithelium cells butyric acid has been shown to inhibit proliferation (Baldwin, 1999, 
Galfi et al., 1981, Sakata and Tamate, 1978a). Galfi et al. (1981) showed inhibition of cellular 
proliferation in a dose dependent manner in the presence of sodium butyrate in culture medium 
over a period of 24 hrs in cultured REC. Using MTT assay Baldwin (1999) demonstrated the 
decrease in cellular proliferation in isolated ruminal epithelium cells in the presence of butyrate 
(0.52mM) or propionate (0.93mM) alone. The contradiction between in vivo and in vitro results 
suggested that the effect of butyrate on cell proliferation involved some other mediators. These 
mediators may be hormones or growth factors secreted in response to SCFAs. Insulin or insulin 
growth factors (IGF1) play important roles in metabolic processes and in growth promoting 
processes. Insulin is known to be a potent stimulator of cell proliferation that is released by 
butyric acid and propionic acids (Manns and Boda, 1967). Many recent studies focused on 
exploring the role of insulin and IGF1 on epithelial cell proliferation and rumen development 
(Huo et al., 2006a, Shen et al., 2004). 
 To investigate the effect of insulin on cell proliferation, (Sakata et al., 1980) conducted 
an in vivo experiment. Insulin (0.125 U/kg/hr.) plus glucose (300 mg/kg/h), glucose (300mg/h) 
and saline (0.154M sodium chloride) was intravenously infused in sheep and mitosis indices 
were counted in ruminal epithelial cell isolated from experimental animals. The mitosis indices 
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were significantly increased by insulin plus glucose and glucose alone. In insulin plus glucose 
MI were increased from initial value after 3 h and in glucose after 6 h. However, in both 
treatments the effect was maintained up to 24 h and then declined to its initial level.   
In another study (Huo et al., 2006b), dietary insulin supplementation (2.5mg/l) in milk 
increased intestine growth, DNA content of mucosa of ileum, mRNA of insulin receptor (INSR) 
and growth hormone receptor (GH) in ileum but decreased in mRNA of IGF1-R in newborn 
piglets. Insulin can increase or decrease mRNA abundance of INSR. The possibility that IGF1R 
level can be repressed by insulin or IGF1 has been reported earlier (Shen et al., 2005). However, 
in differentiating and proliferating mucosal cells, INSR mRNA abundance increases. Because of 
differential insulin sensitivity of INSR or IGF1R in young animals, the effect of insulin on 
mRNA abundance of INSR probably depends on age of animal and insulin dosage (Huo et al., 
2006b).  
Apart from metabolic and nutritional regulation, cell proliferation is under strict control 
of nuclear receptors such as PPARs (Burdick et al., 2006). The peroxisome proliferator-activated 
receptors (PPARs) are a group of nuclear receptor proteins that function as transcription factors 
regulating the expression of genes. The peroxisome proliferator-activated receptors (PPAR) 
heterodimerize with the retinoic X receptor (RXRs) after activation and bind specific sequences 
in the promoter region called peroxisomal proliferator response elements (PPRE). The 
peroxisome proliferator-activated receptors (PPAR) become activated after binding to ligands 
and bind to PPRE and play an essential role in the regulation of cellular differentiation, 
development, and metabolism (carbohydrate, lipid, protein), and tumorigenesis of higher 
organisms (Akiyama et al., 2005, Lee et al., 2003).  
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A role of PPARD in epithelial cell proliferation has been proposed but the underlying 
mechanisms remain unclear (Burdick et al., 2006). Increased PPARD expression coupled with 
increase in expression of markers for keratinocyte differentiation (Matsuura et al., 1999) and 
decreased number of cornified layers in neonatal skin of PPARδ-null mice (Kim et al., 2006) 
might indicate a regulatory role of PPARD. In another study, that response was coupled with 
increased phospho-AKT in murine keratinocytes (Di-Poi et al., 2002). The Ligand activation of 
PPARD in murine skin epithelial cells up-regulated AKT1 phosphorylation by down regulating 
PTEN expression; thus, contributed in promoting cell survival and proliferation (Di-Poi et al., 
2002). 
 
Metabolic development of ruminal epithelium 
Metabolic development of the ruminal epithelium is responsible for the change in pattern 
of nutrients flowing from rumen to other organs (Baldwin, 2004). Metabolism of energy 
substrate by ruminal epithelium generates the gradients that aid in nutrient absorption from 
rumen to blood. Peripheral tissues have to respond appropriately as a result of rumen 
development driven by nutrient shifts. For instance, in preruminant animals, liver performs 
ketogenesis while in mature ruminants ketogenic capacity of ruminal epithelium increases. 
Neonatal rumen epithelium is considered metabolically nonfunctional with respect to ketogenic 
capacity. Changes in the expression of specific genes, e.g. those for ketone body production, in 
response to ontogenic and physiological/dietary factors appear to be responsible for the changes 
in energy metabolism in developing rumen epithelium. Overall, metabolic activity of the GIT 
accounts for 25% to 35% of whole body protein synthesis (Lobley et al., 1994) and 30 % of the 
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whole body oxygen consumption (Burrin et al., 1989). Thus, it is crucial to understand the 
factors that affect the changes occur in epithelium with age as well.  
Glucose 
In young ruminants blood borne glucose is used as a major substrate for energy by 
immature tissue as no fermentative activity is going on in the rumen (White and Leng, 1980). 
The nutrients from milk are absorbed in blood and carried to the liver, thus like other tissues 
epithelium also uses glucose as a primary energy source. However, the mature ruminal 
epithelium tissue can also oxidize glucose to CO2 but it is not a preferred substrate (Baldwin and 
Jesse, 1992, Giesecke et al., 1979, Jesse et al., 1992).  
Giesecke et al. (1979) evaluated the preference of oxidizable substrates by mature ½ (yr. 
of age) and immature (milk fed and >2 weeks old or older) sheep ruminal epithelium tissue. The 
uptake of glucose decreased during development while that of lactate doubled in mature ruminal 
epithelium slices. A 27% increase of oxygen consumption from basal levels was shown by 
undeveloped ruminal epithelium in the presence of glucose as compared to 19% by mature 
ruminal epithelium. Young rumen epithelium completely oxidizes lactate as compared to little 
oxidation by mature epithelium. To evaluate the nutritional impact on metabolic development of 
ruminal tissue, authors further analyzed the ruminal epithelium tissue from 4 to 6 week old milk 
fed or 8-12 week old group fed solid feed. Glucose uptake decreased about 50% in mature 
animals that had access to solid feed as compared to milk fed animals of the same age. The 
thickness of ruminal epithelium of the solid feed-fed group was fivefold greater than that of milk 
fed group and was accompanied with lower uptake of glucose. Additionally, the presence of 
glucose in the culture medium had a synergistic effect on ketone body production as shown by 
their increased level in both developed and undeveloped ruminal epithelium. This synergistic 
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effect of glucose was more prominent in 9-10 month old tissue as compared to week 1 old 
underdeveloped tissue (Giesecke et al., 1979). Differences in glucose uptake by different 
nutritional groups suggested nutrition-dependent functional development of ruminal tissue. 
However, the effect of age plays an equally important role in metabolic development. 
Baldwin and Jesse (1992) reported that in the presence of butyrate, glucose oxidation was 
reduced in neonatal ruminal epithelial cells. Using an isolated ruminal epithelial cell system they 
compared the metabolic properties of the tissue at seven ages (0, 4, 7, 14, 28, 42, and 56) during 
normal development. They observed that neonatal epithelial tissue could utilize both butyrate 
and glucose if present. However, inhibitory effects of glucose and butyrate on oxidation of each 
other were observed. Glucose oxidation by neonatal (4 d old) epithelial cells was significantly 
decreased in the presence of butyrate as compared to glucose alone. After d 42 a marked decline 
in glucose oxidation was observed. At weaning (d 56) the oxidation of butyrate (in the absence 
or presence of glucose) was 10 fold greater than the glucose oxidation.  
 
Short chain fatty acids 
Short chain fatty acids (SCFAs) acetate, propionate, and butyrate produced as a result of 
microbial fermentation of dietary carbohydrates and proteins are the most important energy 
substrate for mature ruminal epithelium (Giesecke et al., 1979). However, Baldwin and Jesse 
(1992) showed that ruminal epithelium isolated from 4 d old lambs could efficiently utilize 
butyrate. Stobo et al. (1962) demonstrated that a calf is able to metabolize and utilize SCFA as 
early as 3 week of life and SCFA concentration increases with age (Anderson et al., 1987). The 
molar ratio of acetate: propionate: butyrate may vary from 70:10:10 with hay diets to 50:35:15 
with concentrate diets. The three fatty acids are metabolized to different extents by ruminal 
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epithelium tissues and subsequently absorbed into the portal circulation to be utilized by other 
tissues.  
Total SCFA produced as well as molar concentration of each SCFA are known to effect 
absorption rate of SCFA through the epithelium (Dijkstra et al., 1993, Sehested et al., 2000), and 
influence the absorptive area of ruminal epithelium (Remond et al., 1995). A higher net flux rate 
(μmol/cm2 per h) of butyrate in cows fed grains (Sehested et al., 2000) and greater disappearance 
rate of propionate and butyrate was observed across the ruminal epithelium with ruminal infusate 
of lower pH (Dijkstra et al., 1993). In contrast, Penner et al. (2009) found no difference in 
fractional rate of SCFA absorption despite differences in their molar proportions and total 
concentration found in concentrate fed cows.  
The absorption of SCFA from the rumen to blood is determined by concentration 
gradients of SCFAs between rumen lumen and blood plasma. In the absence of a concentration 
gradient, the transportation is carried out with the help of carrier-mediated transporters called 
monocarboxylate transporters (MCT) (Graham et al., 2007). Several isoforms of MCT have been 
detected in various mammalian cell types (Halestrap and Price, 1999) with MCT1, MCT2, and 
MCT4 detected in ruminal epithelium (Graham et al., 2007, Kirat et al., 2005). MCT1 is 
expressed exclusively in stratum basale (Graham et al., 2007, Muller et al., 2002) and transport 
ketone bodies and lactate (Graham et al., 2007, Muller et al., 2002), acetate and propionate (Kirat 
et al., 2006). MCT4 is expressed on the epithelial cells facing luminal side so transport from 
lumen into the epithelial cells (Kirat et al., 2007).  
After entering the epithelial cells, SCFAs are converted to their respective coenzymes by 
a family of short-chain acyl-CoA synthetases (Ash and Baird, 1973). Rate of activation of one 
SCFA is affected by the presence of other SCFA. For instance, the presence of butyrate 
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decreases the activation of the propionate and acetate (Ash and Baird, 1973). The activation of 
acetate was reduced by more than 30% in the presence of butyrate and propionate mixture. Thus, 
the degree of intracellular activation might affect extent of metabolism. Butyrate is highly 
activated and more than 95% metabolized to CO2 and BHBA by epithelial cells (Remond et al., 
1995).  
Short chain fatty acids (SCFA) can be oxidized completely to CO2 or may be 
metabolized into intermediates like lactate, beta hydroxybutyrate (BHBA), acetoacetate (AcAc) 
and then released into portal circulation. Various researchers have studied the enzymes involved 
in metabolic pathways like ketogenesis, citric acid cycle, SCFA activation enzymes, and 
transporter in SCFA uptake and their dietary regulation (Harmon et al., 1991, Lane et al., 2002, 
Nocek et al., 1980, Penner et al., 2009). Yet, there is no consensus in the results. However, an 
increase in epithelial cell mass and thickness in relation with higher SCFA metabolism might 
indicate increase in energy demand by growing epithelial cells. 
Volatile fatty acids are metabolized to different extents by ruminal epithelial cells (REC). 
In vitro experiments showed that acetate is not metabolized by ruminal cells, as epithelial cells 
fails to uptake oxygen in the presence of acetate (Goosen, 1976). However, in 1993, Britton and 
Krehbie noted that acetate can be completely oxidized to CO2 by epithelial tissue with little 
conversion to BHBA and AcAc. Propionate can be completely oxidized to CO2, pyruvate, 
lactate, or pyruvate to alanine. A 30% of propionate was metabolized to lactate by epithelium 
tissue prior to release in portal blood (Remond et al., 1995). However, much higher proportions 
(80%) of the conversion have been reported in previous studies. An increase in absorption rate of 
propionate with the increase in total SCFA concentration was observed in an in vivo study 
(Weigand et al., 1972). At physiological concentrations propionate oxidation is minimal but rate 
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of metabolism increases with the increase in concentration (Harmon et al., 1991). An inhibitory 
effect of butyrate on propionate activation to propionyl-CoA may also spare the propionate for 
glucose synthesis by liver (Harmon et al., 1991). 
Butyrate is used extensively by ruminal epithelial tissue. It can be oxidized completely to 
CO2 or may enter ketogenesis, which is a dominant pathway in ruminal epithelium. Ruminaly 
derived acetoacetate (AcAc) is quantitatively removed from portal blood by the liver and 
metabolized to β-hydroxybutyrate (βHBA). Most (85% to 90%) of ruminally absorbed butyrate 
carbon appearing in portal blood is in the form of bBHBA and AcAc (Beck et al., 1984). 
Ketogenesis is the primary pathway for circulating ketone bodies in adult ruminants although 
liver can also perform ketogenesis (Heitmann et al., 1987). Ketogenesis is defined as a process of 
formation of ketone bodies; acetoacetate (AcAc), beta hydroxyl butyrate (BHBA), from acetyl 
CoA. SCFA especially butyrate produced as a result of microbial fermentation is oxidized to 
acetyl CoA by mature ruminal epithelium tissue to enter ketogenesis. Due to lack of SCFAs and 
ketogenic enzymes, the ketogenic pathway is not developed in immature tissue (Warner et al. 
1956). Ketogenesis in ruminal epithelium occurs in mitochondria via 3-hydroxy-3 methylglutaryl 
CoA (HMG-CoA) synthase, as in the liver (Leighton et al. 1983).  
Acetoacetyl-CoA thiolase (ACAT) is the first enzyme in the ketogenic pathway that 
condenses two molecules of acetyl CoA to form acetoacetyl CoA. Next, in a rate limiting step 
catalyzed by β-hydroxy-β-methylglutaryl-CoA synthase (HMGCS), acetoacetyl CoA is then 
converted to β-hydroxy-β methylglutaryl-CoA (HMG-CoA). HMG-CoA is then converted to 
acetoacetate by HMGCL. Acetoacetate if not utilized as energy substrate is converted to β-
hydroxybutyrate (βHBA) or acetone by D-β-hydroxybutyrate dehydrogenase (BDH1) or 
decarboxylation. However, acetoacetate can be formed via de-acetylation of AcAc-CoA 
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catalyzed by succinyl- CoA transferase but the mitochondrial pathway involving 3-hydroxy-3-
methylglutaryl-CoA synthase and downstream enzymes are sufficient to account for ruminal 
ketogenesis (Baird et al., 1970, Leighton et al., 1983).  
The ruminal ketogenesis capability increases with age. BHBA concentration rises in 
blood with as the amount of starter consumed is increased in young ruminants (Baldwin and 
Jesse, 1992, Quigley et al., 1991). Thus, increase in BHBA concentration in blood with age is an 
indication of the start of ketogenesis and functional development of rumen mucosa. Baldwin and 
Jesse (1992) reported a six fold increase in BHBA production between 42 and 56 d of age in 
conventionally-reared lambs. An increase in blood BHBA concentration paralleled with mRNA 
concentration of HMGCS and ACAT (Lane et al., 2002). No differences in the BHBA 
production was observed in isolated ruminal epithelial cells from lambs between conventionally 
reared lambs and milk fed lambs after d 42. Acetoacetate production from butyrate by isolated 
ruminal epithelium started from d 7 and remained constant until d 84 in milk fed lambs (Lane et 
al., 2002). An increased production of acetoacetate was observed with infusion of SCFA in milk 
fed lambs (Lane and Jesse, 1997). However, Giesecke et al. (1979) noted increase in acetoacetate 
production from rumen epithelial slices from mature steers as compared to 14-d-old steers were 
noted in another study. The decrease in glucose oxidation but an increase in acetoacetate and 
BHBA production due to SCFA infusion or concentrate and hay fed lambs is indicative of 
metabolic development of ruminal epithelium in response to nutrients.   
 
Long chain fatty acid (LCFA) 
Long chain fatty acids can be used as an energy source by ruminal epithelial cells (Jesse 
et al., 1992). However, immature ruminal epithelium oxidizes LCFA less efficiently than mature 
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tissue which further indicates metabolic changes in the tissue with age. Dietary factors that affect 
the LCFA oxidation cannot be disregarded as in neonatal cells higher utilization of glucose may 
be due to its greater availability. Also, long chain fatty acid oxidation to carbon dioxide and acid 
soluble metabolites largely depends on availability of substrate or Krebs cycle metabolites. Long 
chain fatty acids like palmitate may enter into the ketogenic pathway by providing acetyl CoA 
during fasting. In the presence of butyrate (50mM) and ammonia (10mM), LCFA is not a 
preferred substrate for oxidation by epithelial cells (Jesse et al., 1992). The presence of high 
butyrate reflects the highly fermentable feed in the rumen thus providing enough volatile fatty 
acids for oxidation. Jesse et al. (1992) further showed that propionate, and acetate did not affect 
the LCFA oxidation. 
 
Urea metabolism  
Degradation of dietary protein, non-protein nitrogen, and microbial protoplasm results in 
ammonia production in the rumen. The ammonia (NH3) can be absorbed through the rumen wall 
or flushed to the abomasum or assimilated in microbes to form microbial protein. After 
absorption NH3 is circulated to liver and is converted to urea (Hayashi et al., 2006). Urea can be 
recycled to the rumen through the rumen wall (Nolan and Leng, 1972) and hydrolyzed to carbon 
dioxide and ammonia again by microbial urease (Huhtanen and Gall, 1955). The NH3 produced 
as a result is used by microbes for microbial protein synthesis (McDonald, 1952).  
Urea recycling can be used to help estimate rumen development (Hayashi et al., 2006). 
The urea recycling increases with age due to great utilization of urea breakdown products by 
microbes. More urea is recycled to rumen as plasma urea concentration increases. Increased 
utilization of NH3 reflects the establishment of microbial population with time. The higher rate 
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of NH3 absorption and nitrogen excretion in urine is an indication of extensive degradation of 
protein in the rumen (Reynolds et al., 1991). Urea entry into the rumen occurs via simple 
absorption or specific urea transporting proteins. For simple diffusion across the ruminal wall, a 
concentration gradient is the main driving force. However, urea transporters have been identified 
in the gastrointestinal tract of numerous species, including cattle (Stewart et al., 2005) and sheep 
(Ludden et al., 2009). Urea transporter B (UT-B) is localized in the stratum basale, spinosum, 
and granulosum thus transport urea from blood to rumen (Stewart et al., 2005). It has been 
shown to be involved in urea transport at low blood urea concentration or with highly 
fermentable diets (Stewart et al., 2005). It is a phloretin sensitive transporter. Abdoun et al. 
(2010) showed urea flux is modulated by concentration of SCFA or CO2. A fourfold increase in 
urea flux at concentration of SCFA 40mmol and at pH 6.2 was observed in sheep ruminal 
epithelium. At the same time, lowering the pH without change in SFCA concentration did not 
affect urea transport across epithelium. At pH 5.4 urea flux was inhibited, and demonstrate the 
fact that very highly fermentable diets may have negative effect on urea recycling. This results in 
urea excretion in urine thereby enhancing the protein requirement of animal.  
Simmons et al. (2009) studied dietary regulation of the urea transporter expression. The 
ruminal epithelium samples were isolated from steers fed a high concentrate diet or a silage 
based diet for 37 days. UT-B expression as analyzed by RT PCR was higher in ruminal epithelial 
cells isolated form concentrate fed animals. Immuno-localization studies of RC-fed ruminal 
tissue showed strong bUT-B signals throughout all epithelial layers, in contrast to weaker 
staining in RS-fed rumen that was more localized to the stratum basale (Simmon et al., 2009). 
Effect of protein supplementation on expression and distribution of urea transporter-B in gastro 
intestinal tract of lambs was investigated by Ludden et al. (2009).  In two different experiments, 
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Dorset wether lambs were fed with supplements to achieve 7, 10, or 13% total dietary CP for 28 
d. In another experiment, lambs were assigned to1 of 4 isonitrogenous supplements; 1) ruminaly 
degradable protein (RDP) fed daily, 2) RDP fed on alternate days, 3) ruminal undegradable 
protein (RUP) fed on alternate days, or 4) a 50:50 mixture of RDP and RUP fed on alternate days 
for 18 d. Lambs fed RDP displayed comparatively stronger band of 47- kDa UT-B band in the 
ventral rumen as compared to other treatments. This higher abundance of UT-B in response to 
RDP diet could be the result of increased rumen ammonia concentrations associated with feeding 
excess RDP on the day of supplementation (Ludden et al., 2009). 
 
Acid base balance and intracellular pH maintenance 
Preliminary studies identified a ruminal pH of 6.4 and 5.5 as optimal and suboptimal 
(Cerrato-Sanchez et al., 2007). Maintenance of intra-ruminal pH is important for microbial 
fermentation and intracellular ruminal epithelial pH maintenance is important for subsequent 
absorption (Van Soest, 1994). Cerrato-Sanchez et al. (2007) observed that large variation in 
rumen pH is more deleterious for microbial fermentation rather than low suboptimal pH and total 
amount of time at which pH remains below a threshold (Cerrato-Sanchez et al., 2008). Variation 
in pH in response to a high concentrate diet has been reported in the literature. 
Intra-ruminal pH is neutralized by uptake by epithelial cells, production of saliva with 
high buffering capacity and by the secretion of phosphate and bicarbonate from ruminal 
epithelial cells (Counotte et al., 1979). Intra-ruminal as well as intracellular pH maintenance is 
necessary for subsequent absorption of SCFA. In vivo, a considerable gradient exists between 
blood and lumen SCFA concentration but in the absence of a concentration gradient, a more 
efficient absorption of butyrate is observed as compared to acetate and propionate (Sehested et 
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al., 1999). Monocarboxylate transporters family (SLC16) and Na+/H+ exchanger (SLC9A2) 
coupled with other transporters help to maintain intraepithelial pH. As discussed above MCT4 is 
the main transporter involve in uptake from rumen luminal.  
To prevent ruminal acidosis large amount of buffering compound has to be secreted into 
lumen (Gabel et al., 1991). Bicarbonate enters the rumen through saliva and it is exported 
through ruminal epithelium through bicarbonate transporters (Bilk et al., 2005). In ovine ruminal 
epithelium the mRNA expression of bicarbonate transporters chloride anion exchanger 
(SLC26A3), proton-coupled amino acid symporter (SLC36A1), anion exchanger (SLC4A2), and 
Na+/HCO3- cotransporter (SLC4A4) have been known to be involved in bicarbonate export (Bilk 
et al., 2005, Huhn et al., 2003). On the other hand, bicarbonate import can also protect ruminal 
epithelial cells against an increase of pH. Under certain feeding conditions, such an increase may 
result from extrusion of protons by sodium-proton exchangers (NHE) (Muller et al., 2000), a 
high bicarbonate import or a high NH3 inflow (Huhn et al., 2003).  
The ruminal epithelium is a multilayered and stratified structure, in which apical 
membrane may be represented as stratum granulosum (Graham and Simmons, 2005). 
Localization of these protein have not been studied yet but both DRA (SLC36A1) and PAT1 
(SLC26A3) can be found in the apical membrane of gastrointestinal epithelial cells while AE2 
(SLC4A2) is expressed basolaterally (Ikuma et al., 2003). Thus, DRA and PAT1 may be involved 
in the secretion of bicarbonate into lumen and AE2 can export bicarbonate to blood. In addition, 
NBC plays an important role in importing bicarbonate ion from blood into ruminal epithelial 
cells. Huhn et al. (2003) demonstrated the presence of NBC1 by RT-PCR in stratum basale of 
cultured ovine ruminal epithelium.   
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Besides bicarbonate transporters, sodium hydrogen exchangers (NHE) play an important 
role in regulating proton flux across ruminal epithelium (Muller et al. 2000; Huhn et al. 2003). 
Monocarboxylate transporter (MCT) uptake from the rumen lumen can acidify the epithelial cell. 
NHE proteins counteract this increase in proton concentration and export hydrogen out of the 
cell. Different isoforms (NHE-1, 2, 3, 4, 8) are expressed in rumen epithelium. Sodium hydrogen 
exchanger (NHE1) is expressed in apical membrane in stratum granulosum and NHE2 is 
expressed in stratum basale, spinosum, and granulosum (Graham et al., 2007). The sodium 
hydrogen exchangers (NHE1) uptakes non-ionized SCFA and NHE2 exports H+ form cytosol to 
maintain intracellular pH. Thus, the maintenance of pH in response to differential production of 
SCFA production due to dietary changes is crucial for understanding the impact of nutrient on 
ruminal epithelium metabolism.   
 
Nutrient requirements  
Adequate determination of nutrient requirement is necessary for optimal rumen 
development and can promote early and efficient growth of calves. Various studies have 
determined the effect of feeding varying levels of protein on growth and body composition of 
dairy calves (Bartlett et al., 2006, Blome et al., 2003). Determination of protein to energy ratios 
in dairy calves indicated that substitution of whole milk or milk products that help in decreasing 
the economic cost to raise replacement dairy heifers. The economic advantages of limited protein 
intakes for calves and subsequent compensatory growth in later stages led to such diets becoming 
convention throughout the dairy industry. Research in the past has focused on optimal utilization 
of protein by calves without being wasted in the environment as more efficient utilization of 
protein at low protein intake has been reported earlier (Bunting et al., 1989). However, low 
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dietary protein consistently leads to compromised growth rate of calves. Therefore, an adequate 
balance of diet and health and environmental benefits is required for successful calf growth and 
development.  
 
Milk replacer and starter  
Milk replacer (MR) for young growing animals substitutes the highly priced milk diet. 
During early stages of life (approximately 3 weeks), the calf has to obtain all its nutrients from 
milk and milk nutrients (fat, protein) for optimal growth (NRC 2001). Since the mid-1980’s 
different ingredients have been studied for MR formulation, and whey has been found more cost 
effective than dried skim milk (Davis and Drackley, 1998). Information for nutrient requirements 
for dairy calves in the NRC (2001) is based on data from calves fed skim milk protein-based 
MR, rather than on whey proteins. Using whey protein in MR, Blome et al. (2003) quantified the 
relationship between protein content of MR and body composition, growth and nutrient 
utilization of Holstein calves. They observed linear increases in ADG, G: F, N retention and 
accretion of lean tissue in viscera-free carcass with increasing amount of CP (16.1, 18.5, 22.9, 
25.8) in isocaloric MR fed at 12% of BW (Blome et al., 2003).  
To determine the effect of feeding different rates and levels of dietary crude protein on 
growth of Holstein calves, Bartlett et al. (2006) increased CP concentrations in whey-protein-
based MR fed at 2 different rates on growth and body composition. In this study, male Holstein 
calves were maintained at a daily feeding rate of 1.25 or 1.75% of BW and fed milk replacers 
with CP concentration of 14, 18, 22, or 26% of DM for five weeks. Increasing the feeding rate 
increased (P < 0.05) ADG, G: F, the percentage of fat in empty BW gain and in the final empty 
body, and concentrations of IGF-I and insulin in plasma; however, it decreased percentages of 
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water and protein in the empty body and decreased urea N in plasma. Data for the effect of 
increasing dietary CP concentration was consistent with the study Blome et al. (2003). The 
highest efficiency was found in calves fed 22% CP. Calves fed at the rate of 1.75% of BW daily 
had higher ratio of retained energy to intake energy as compared to calves fed at the rate of 
1.25% of BW. These data showed that variation in protein to energy ratio can greatly affects the 
growth and nutrient utilization by calves. 
Although growth performance was improved in these trials feeding milk replacer at a 
higher rate limited starter intake (Blome et al., 2003). As starter intake is the main stimulator for 
rumen functional development the reduction of starter intake may delay rumen development 
(Davis, 1998). Bridges (2009) studied the effect of different protein level in milk replacer when 
fed similar amounts of starter on growth performance and rumen development. Fifty-three 
Holstein calves were assigned to three milk replacers (20% protein and 20% fat, 20/20; 25% 
protein and 15% fat, 25/15; 28% protein and 20% fat, 28/20) fed once per day at 10% of birth 
weight through weaning. Calves were offered a 20% CP calf starter from d 5. All calves were 
weaned on day 42. The rumen pH and concentration of ruminal SCFA did not vary with feeding 
different level of dietary protein. A time effect was observed on plasma IGF1 concentration 
without any dietary effect. However, the calves fed enhanced milk replacer had greater daily 
starter intake (P<0.05) and improved body weights and average wither heights. An increase in 
plasma urea nitrogen and β-hydroxybutyrate concentrations was observed in calves fed 28/20 
milk replacer as compared to calves fed 20/20.   
To study the effect of milk replacer rate, Diaz et al. (2001) conducted a study using 60 
calves to determine the composition of growth of Holstein calves fed milk replacer from birth to 
105 kg of body weight. All calves received milk protein based MR (30% CP and 20% fat) at 1% 
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of BW, 3% of BW or 4% of BW (on DM basis), 3× per day to achieve growth rates of 500, 950, 
and 1400 g/d, respectively. Six calves were slaughtered at birth and six calves from each 
treatment were slaughtered at 65, 85, and 105 kg BW. The DMI was lowest in calves fed at 4% 
of BW to reach 65, 85 and 105 kg of BW., and by week 3 of life these calves were consuming 
greater quantities of MR than calves fed at 3% of BW (Diaz et al., 2001). Despite the highest net 
deposition of CP for calves in treatment 3, the authors demonstrated that calves were able to 
achieve the target growth rate in treatment 1 (560g/d) and 2 (973g/d) but not in treatment 3 
(1100g/day) (Diaz et al., 2001). 
Rumen development is mainly affected by starter intake. Milk replacer indirectly affects 
rumen development by affecting starter intake. A decrease in starter intake in accelerated feeding 
programs as compared to conventional feeding program may limit rumen metabolic development 
(Williams et al., 2007). Effect of milk allowance on concentrate intake was investigated in a 
more recent study in Holstein calves (Kristensen et al., 2007). Eight calves were assigned to 4 
treatments from week 2 to week 5 of age. Treatments were skim milk based MR allowances 
(3.10, 4. 84, 6.60 and 8.34 kg /d; CP 250 g/kg). Calves had access to hay and barley based 
concentrate form d 4. Ruminal fluid (12 samples every 2 hr. from 0400 to 0200) and blood 
sample was collected from all calves at 14, 21, 28, and 35 d. Calves were slaughtered at wk 5. 
Concentrate intake was significantly increased in the group fed lowest milk allowance. However, 
these calves reached the same ME intake in wk 5 compared with calves with highest milk 
allowance. SCFA concentration in ruminal fluid increased from (71 to133mmol/L) wk 2 to wk 5 
without any effect of treatment. Plasma SCFA and ketone bodies were highest in wk 4 and wk 5 
with lowest milk allowance. Milk allowance changed the body composition of calves. Wet 
weight of reticulo rumen decreased with the increase in milk allowance. Higher weight or 
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reticulo-rumen with higher starter intake and lower milk allowance helps rumen development 
(Kristensen et al., 2007). 
To compare changes in calf growth and body composition from birth to wk 10 of age in 
an enhanced early nutrition (ENH) program with conventional milk replacer (CON) program 
eighty-nine Holstein calves was used (Stamey, 2008). Calves were assigned to conventional milk 
replacer (20% CP, 20% fat) plus conventional starter (19.6% CP, DM basis), enhanced milk 
replacer (28.5% CP, 15% fat) plus conventional starter, and enhanced milk replacer plus high-CP 
starter (25.5% CP, DM basis). Conventional milk replacer was reconstituted to 12.5% solids and 
fed at 1.25% of birth BW as DM daily in two feedings from wk 1 to 5 and at 0.625% of birth 
BW as DM once daily during wk 6. Enhanced milk replacer was reconstituted to 15% solids and 
fed at 1.5% of BW as DM during wk 1 and 2% of BW as DM during wk 2 to 5, divided into two 
daily feedings. During wk 6, enhanced milk replacer was fed at 1% of BW as DM once daily. 
Calves were weaned at d 42. Calves were fed at 0800 and 1500 h each day and were offered 
starter for ad libitum intake starting on d 3. Calves were initially offered 0.45 kg of starter daily, 
with amounts offered increasing by 0.23 kg as intake increased.  
Higher mean intakes of milk replacer DM, CP, and ME (P < 0.01) was observed for 
calves fed enhanced milk replacers while mean intakes of starter DM (P = 0.015) and ME (P = 
0.019) were greater for calves fed conventional milk replacers. Total CP and ME intakes were 
greater (P < 0.01) for calves fed enhanced milk replacers. Intake of starter DM tended (P = 
0.085) and starter CP (P=0.001) to be greater for calves fed enhanced starter. Additionally, 
calves fed enhanced starter consumed more (P < 0.05) starter DM from d 41 to 47. Enhanced 
milk replacers and starter significantly increased final BW and heart girth. Improved ADG was 
observes in group fed enhanced MR. G: F efficiency was greater for calves fed enhanced MR 
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form wk. 1 to 3 and in wk. 6 (0.77, 1.66, and 1.45 kg/d). Calves fed conventional milk replacer 
had greater (P < 0.01) feed efficiency than calves fed enhanced milk replacers (0.48, 0.30, and 
0.34) after weaning in wk. 7.  
The reticulo-rumen was larger (P = 0.04) and tended to be a greater percentage of shrunk 
body weight (SBW) (P < 0.10) for calves fed enhanced milk replacer. Calves fed enhanced 
starter tended to have larger (P < 0.10) reticulo-rumen that were a greater portion of SBW (P = 
0.03). Mean reticulo-rumen weights were 1.8 kg, 2.1 kg, and 2.7 kg for calves fed conventional 
milk replacer, enhanced milk replacer, plus conventional starter, and enhanced milk replacer plus 
enhanced starter, respectively. The results of this study agree with previously reported studies 
showing that increased feeding rates of milk replacer reduced consumption of starter during the 
milk feeding period. Calves fed enhanced milk replacer showed greater G: F efficiency and 
improved rate of gain (Bartlett et al., 2006, Blome et al., 2003, Diaz et al., 2001). While these 
researchers reported an increase in growth with the accelerated program, the effect of feeding 
program on metabolic changes in rumen epithelium tissue remain to be explored.  
The present study was conducted to examine the effect of high plane of nutrition on gene 
expression profiles of epithelium tissue. High plane of nutrition in early stages of calf life can aid 
the metabolic development of the epithelium tissue by affecting the expression and regulation of 
key metabolic enzymes. A greater rate of metabolism due to increased availability of substrates 
may serve to meet the demands of proliferating epithelial cells to achieve greater rumen mass at 
an earlier stage of life.  
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Gene expression technology 
Improvements in gene expression technologies in the past decade facilitated our 
capability to understand the relative changes that occur at the gene expression level under 
different experimental conditions. In gene expression profiling experiments the expression levels 
of thousands of genes can be simultaneously monitored to study the effects of certain treatments, 
diseases, and developmental stages (Liang et al., 2002). Besides providing a global assessment of 
gene expression across different comparisons, microarrays are considered as a static measure of 
mRNA expression in cells as no information regarding activity, transcription, or regulation of 
enzymes can be extracted from the microarray data. Together with other technologies like real 
time quantitative PCR, immunoblotting, and bioinformatics further information on the likely 
biological function/s affected by the those genes with altered expression can be elucidated. These 
relatively new molecular biology approaches are helpful in understanding the basics of the 
models used in dairy cattle research and should provide promising results.  
Spotted-microarrays are small glass chips with series oligonucleotides (small DNA 
fragments). These oligonucleotides are made to encode specific regions of the genes in the 
genome of a species. Microarrays can be constructed by using the information from genome 
sequencing or EST (expressed sequence tag) projects that provide large sets of annotated clones 
and sequences (Rimm et al., 2001). These oligonucleotides are attached to glass chip through 
covalent bonds via surface engineering. A cDNA is prepared from RNA isolated form samples, 
radiolabelled, and hybridized to the oligonucleotides on chip. Signal intensity data for each spot 
on a microarray is obtained by laser scanning or autoradiographic imaging. At this point, the data 
may then be entered into a database and analyzed. 
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Using the different database tools available online, the large data set generated through 
microarrays can be used to analyze most enriched pathways related to the particular condition. In 
this project we have used databases Ingenuity Pathway Analysis (IPA), Kyoto Encyclopedia of 
Genes and Genomes (KEGG) or Database for Annotation, Visualization, and Integrated 
Discovery (DAVID) v6.7.  
The KEGG database was initiated in 1995 under the Human Genome Project of Ministry 
of Education Science Support and Culture in Japan. There are three main databases given in 
KEGG: pathways, genes, and ligand. The KEGG database provides information about main 
functions associated with the network of molecules. KEGG GENES have all the information 
about all the genes of genomes has completely or partially sequenced (Kanehisa and Goto, 
2000). DAVID is a web based functional annotation tool, for large gene list or dataset. The first 
version of DAVID was publicly available in 2003 that was continually approved and more tools 
became available in version 6 (Huang da W., 2007). Several questions associated with large list 
of genes can be answered. For instance, what genes and gene families are in a given gene list or 
what annotation terms or groups are enriched for any given gene list (Huang et al., 2007). 
The University of Illinois has developed 13,257-oligonucleotide bovine microarray, which 
essentially represented an expansion of the 7,000 cDNA micro array platform developed 
originally (Everts et al., 2005). Details of the development of the micro array platform used can 
be found in the Supplementary Materials and Methods from Loor et al. (2007). Briefly, an 
embryonic bovine cDNA library and 38,732 high-quality expressed sequence tag (EST) 
sequences based on the cattle 7,872 cDNA array (Everts et al., 2005) were filtered for repeats as 
well as sequences of viral, bacterial, or mitochondrial origin using Repeat Masker (Smith and 
Green, 1999). Subsequently, seventy-base long (i.e., 70-mers) oligos from the unique cluster and 
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singlet sequences were designed. Sequence alignments of designed oligos (Table 1) were done 
by BLASTN similarity searches against human RefSeq, mouse RefSeq, bovine RefSeq, human 
UniGene, mouse UniGene, bovine UniGene, bovine TIGR and the bovine genome using an E-
value cut-off of E ≤ e-5 and scoring threshold of 40 bp (Everts et al., 2005). Best hits were used 
to annotate the cattle sequences. NCBI UniGene and Gene databases were used for functional 
annotation (e.g., gene symbol, gene name, function, OMIM number, and PubMed identification 
numbers) and Gene Ontology (GO) annotation (Everts et al., 2005). This microarray contains ca. 
97% unique elements.   
Our laboratory has explored the large-scale genomic data for bovine liver (Loor et al., 
2005, Loor et al., 2006, Loor et al., 2007b) and mammary (Moyes et al., 2010, Piantoni et al., 
2010) tissues. The microarray data from these studies has been used to explain the differences in 
gene expression observed in experimental and control groups in above studies. The gene 
expression data along with blood metabolite, growth and performance data to study tissue 
function under different physiological condition is a promising approach to study unexplored 
mechanisms in calves (Drackley et al., 2006). In this thesis proposal, the use of the current 
microarray technology has been applied to study the alterations in gene expression in the ruminal 
epithelium from calves under different plane of nutrition at different physiological stages. The 
microarray data with qPCR verification of more important genes along with growth performance 
data, has helped uncover the mechanism at the mRNA level that promote the rumen 
development. Together, these can help us in determining more specifically adequate protein to 
energy ratios for growing calves. 
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TABLES 
 
Table 1.1 Annotation of the bovine microarray using Tera-BLAST.  Blast searches were non-
redundant. Annotation was based on E < e-5 and/or an extension threshold of 40 (Loor et al., 
2007) 
Database search No. of hits No. of unique hits 
Human RefSeq, March 2007 9,655 9,332 
Mouse RefSeq, March 2007        286 285 
Bovine RefSeq, March 2007 725 703 
Human UniGene 201   656 641 
Mouse UniGene 162        32 31 
bovine UniGene 83   1,460 1,411 
bovine TIGR 12      166 165 
Bovine genome 3.1 223 223 
No hit (putative novels)1     54 54 
Total no. of sequences 13,257 12,845 
 
1Includes 5 control sequences (soybean MSG, CAB, RBS, and scrambled 
control oligos 1 and 2. 
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CHAPTER II 
GENE EXPRESSION FOR ENZYMES INVOLVED IN METABOLIC 
PATHWAYS AND INSULIN SIGNALING PATHWAY IN BOVINE RUMINAL TISSUE 
IN RESPONSE TO AGE AND PRE- AND POST-WEANING PLANE OF NUTRITION. 
A. Naeem*†, J. A. Stamey†, J. K. Drackley†§ and J. J. Loor*†§ 
University of Illinois, Urbana, IL 
*Mammalian NutriPhysioGenomics, †Department of Animal Sciences, and §Division of 
Nutritional Sciences, University of Illinois, Urbana, IL 61801. 
 
 
 
INTRODUCTION 
 The rumen has to develop efficiently in early time period of life to ensure animal health, 
productivity, and economic benefit for the farmer. Rates of growth have been used to quantify 
the impact of high protein diet in accelerated feeding programs in some recent studies (Bartlett et 
al., 2006, Diaz et al., 2001). Changing the composition of diet or diet type can largely affect 
rumen development. Understanding the function of rumen in response to dietary changes is 
particularly necessary as rumen is major organ that undergoes major changes both structurally 
and functionally. The impact of high concentrate diets on rumen epithelial development has been 
studied previously (Stobo et al., 1966, Warner et al., 1956). Intake of protein and energy rich diet 
promotes the growth of rumen tissue concurrent with increase in IGF1 receptor (Shen et al., 
2004).  
Proper and efficient rumen development is one of the predominant factors that can help 
us to decide the adequate amount of dietary protein in accelerated programs. Significant 
advancement has been made in exploring the dietary effects on metabolic and functional 
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development of rumen. However, metabolic changes in ruminal epithelial tissue that occur due to 
nutrient composition in accelerated feeding programs remain to be determined.  
The rumen environment changes in response to different dietary conditions. Identification 
of genes responsive to these dietary changes in young ruminating calves may enhance our ability 
to formulate least-cost practical diets. Diets with high crude protein content degraded rapidly in 
rumen thus leading to production of VFA, branched chain fatty acids, and ammonia. In the 
present study, genes involved in different metabolic pathways were selected to study their 
responsiveness to enhanced early nutrition in post-weaning life. Depending upon the specific 
VFA considered, a variable amount of metabolism occurs. Many studies have determined the 
effect of different types of diet and developmental stage on aspects of metabolism including 
ketogenesis (Lane et al., 2002), VFA absorption (Koho et al., 2005), butyrate and glucose 
oxidation (Baldwin and Jesse, 1992), propionate metabolism (Weigand et al., 1972), LCFA 
metabolism (Jesse et al., 1992) and cell proliferation (Shen et al., 2005, Shen et al., 2004) 2004). 
On the basis of previously reported gene expression studies with ruminal epithelium (Connor et 
al., 2009), we have focused on expression patterns of genes involved in various metabolic 
pathways, intracellular pH control, and cell proliferation. 
Various researchers have shown the effects of dietary changes including composition and 
level of intake on enzymes involved VFA metabolism but there is no consensus yet. Harmon et 
al. (1991) observed some increase in acyl Co-A synthetase activities of ruminal epithelium from 
cattle fed high forage diet with a significant impact on butyryl CoA synthetase. Molecular 
control of ketogenesis by rate controlling enzyme HMGCS2 and ACAT1 in ruminal epithelium 
has been explored by Lane et al. (2002) in milk fed and conventionally weaned lambs by 
northern blotting. We have further investigated the expression of enzymes HMGCL and BDH1 in 
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this pathway in response to ENH treatment. In addition to VFA, pyruvate metabolism may also 
lead to production of ketone bodies and lactate (Pennington and Sutherland, 1955) thus 
contributing to BHBA production by ruminal epithelium. Changes in ruminal epithelial 
metabolism depend largely on substrate availability that corresponds to nutrient composition of 
diet. 
An increase in organ mass due to feeding high protein MR in calves has been reported by 
Blome et al. (2003) and Bartlett et al. (2006) that may be attributed to high rate of cell 
proliferation. Growth factors principally IGF1 (Baldwin, 1999) or insulin (Sakata et al., 1980) 
have been reported to induce cell proliferation. The proliferation of ruminal cells at intake of 
high protein or high-energy diets has been documented previously with positive correlation with 
plasma IGF1 (Shen et al., 2004). Although, IGF1 mRNA expression has been identified in 
ruminal epithelial cells isolated from goat (Shen et al., 2004) and bulls (Shen et al., 2005) by 
using RT-PCR, no correlation was observed between rumen development and local IGF1 mRNA 
status. To explore the role of local IGF1 expression on ruminal cell proliferation thus organ mass 
in response to ENH diet we have selected IGF1, IGF1R, INSR, and PIK3CA expression to study. 
To gain a more complete understanding of the overall process of ruminal cell metabolism 
and proliferation, and thus its development, key genes across a wider number of biological 
pathways must be studied in an integrated way. We have used quantitative PCR as a tool to study 
in depth the relationships between selected genes and blood metabolites in response to control 
diet and enhanced nutritional program. Data were used to build gene networks and uncover 
potential mechanisms within important metabolic processes as they are influenced by diet, age 
and their interaction.   
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OBJECTIVE 
To evaluate the effect of enhance early nutrition program on gene expression in ruminal 
epithelium related to metabolic pathways and cellular proliferation pathways. 
 
MATERIALS AND METHODS 
Animals and sampling 
Samples used in this study were a subset obtained from a larger experiment (Stamey, 
2008). All animal procedures were conducted under protocols approved by the University of 
Illinois Institutional Animal Care and Use Committee (IACUC) protocol (#04151). Specific 
details on feeding, management, and sample collection have been reported previously (Stamey, 
2008). Briefly, calves were fed reconstituted control milk replacer (20% CP, 20% fat) at a rate of 
1.25 lb solids per calf or a high-protein milk replacer (ENH; 28.5% CP, 15% fat) (divided into 
two feedings daily) at a rate of ca. 2% of body weight. These treatments were given from day 3 
through day 42 of life, after which they were weaned. Calves in the control group were then fed a 
control starter containing 16% CP through day 70 of life. In contrast, calves in ENH were fed a 
starter containing 22% CP through day 70 of life. Groups of calves in control and ENH were 
harvested at 43 days (wk 5) and also at 71 days (wk 10) of life at the Meat Sciences Laboratory 
at the University of Illinois. Ruminal tissue samples from 5 animals each in control and ENH at 
wk 5 and 10 were used for transcript profiling. 
 
RNA extraction, PCR, and design and evaluation of primers 
RNA samples were extracted using established protocols in our laboratories (Loor et al., 
2005). Briefly, ruminal tissue was weighted (~0.3-0.5 g) and placed straightway inside a 15 mL 
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centrifuge tube (Cat. No. 430052, Corning Inc. ®) with 1 µl of Linear Acrylamine (Ambion® 
Cat. No. 9520, Austin, TX) as a co-precipitant, and 5 mL ice-cold Trizol reagent (Invitrogen 
Corp., Carlsbad, CA). Tissue was then homogenized. Genomic DNA was removed from RNA 
with DNase using RNeasy Mini Kit columns (Qiagen, Germany). RNA concentration was 
measured using a Nano-Drop ND-1000 spectrophotometer (Nano-Drop Technologies). The 
purity of RNA (A260/A280) for all samples was above 1.81. Also, RNA quality was evaluated 
using the Agilent Bioanalyzer system (Agilent Technologies). The average RIN number of the 
samples used was >8.0. A portion of the RNA was diluted to 100 mg/L using DNase/RNase free 
water prior to reverse transcriptase. Ten micrograms of RNA was used for cDNA synthesis and 
labeling prior to microarray hybridization.  
 
qPCR Analysis  
For qPCR analysis, cDNA was synthesized using 100ng RNA, 1 g dT18 (Operon 
Biotechnologies, AL), 1 L 10 mmol/L dNTP mix (Invitrogen Corp., CA), 1 L random primer 
p(dN)6 (Roche Cat. No. 11 034 731 001) and 10 L DNase/RNase free water. The mixture was 
incubated at 65 °C for 5 min and kept on ice for 3 min. A total of 6 L of master mix composed 
of 4.5 L 5X First-Strand Buffer, 1 L 0.1 M DTT, 0.25 L (50 U) of SuperScriptTM III RT 
(Invitrogen Corp., CA), and 0.25 L of RNase Inhibitor (10 U, Promega, WI) was added. The 
reaction was performed in an Eppendorf Mastercycler® Gradient using the following 
temperature program: 25 °C for 5 min, 50 °C for 60 min and 70 °C for 15 min. cDNA was then 
diluted 1:4 (v:v) with DNase/RNase free water.  
Quantitative PCR (qPCR) was performed using 4L diluted cDNA (dilution 1:4) 
combined with 6L of a mixture composed of 5L 1 SYBR Green master mix (Applied 
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Biosystems, CA), 0.4L each of 10M forward and reverse primers, and 0.2L DNase/RNase 
free water in a MicroAmp™ Optical 384-Well Reaction Plate (Applied Biosystems, CA). Each 
sample was run in triplicate and a 6 points relative standard curve plus the non-template control 
(NTC) were used (User Bulletin #2, Applied Biosystems, CA). The reactions were performed in 
an ABI Prism 7900 HT SDS instrument (Applied Biosystems, CA) using the following 
conditions: 2 min at 50 °C, 10 min at 95 °C, 40 cycles of 15s at 95 °C (denaturation) and 1 min 
at 60 °C (annealing + extension). The presence of a single PCR product was verified by the 
dissociation protocol using incremental temperatures to 95 °C for 15s plus 65 °C for 15s. Data 
were calculated with the 7900 HT Sequence Detection Systems Software (version 2.2.1, Applied 
Biosystems, CA). The protocol to select and evaluate ICG by using microarray was previously 
described (Tramontana et al., 2008). The methodology used to design and evaluate primers was 
the same as described by Graugnard et al. (2010). The list of internal control genes used is given 
in Table 2.2. 
Genes selected for transcript profiling in the present study were grouped as follows: 
intracellular activation of VFA prior to metabolism, acyl-CoA synthetase short-chain family 
member 1 (ACSS1); ketogenesis, acetyl-CoA acyltransferase 1 (acetyl-CoA acyltransferase 
(ACAT1), 3-hydroxy-3-methylglutaryl- CoA synthase 12 (HMGCS2), 3-hydroxymethyl-3- 
methylglutaryl-CoA lyase (HMGCL), 3-hydroxybutyrate dehydrogenase, type 1 (BDH1), and 
acetoacetyl-CoA synthetase (AACS); cholesterogenesis, 3-hydroxy-3-methylglutaryl-CoA 
reductase (HMGCR); 3-hydroxy-3-methylglutaryl-CoA synthase 1 (soluble) (HMGCS1); long-
chain fatty acid oxidation, carnitine palmitoyl-transferase 1A and 1B (CPT1A, CPT1B), acyl-
CoA dehydrogenase, C-2 to C-3 short chain (ACADS), acyl-CoA dehydrogenase, short/branched 
chain (ACADSB), acyl-CoA dehydrogenase family member 9 (ACADVL) and Fibroblast growth 
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factor 21 (FGF21); intracellular acid-base balance, carbonic anhydrase 1 (CA1); insulin and IGF-
1 signaling, insulin receptor (INSR), v-akt murine thymoma viral oncogene homolog 1 (AKT1, 
AKT2, AKT3), mammalian target of rapamycin (mTOR), phosphoinositide-3-kinase, catalytic, 
alpha polypeptide (PIK3CA), IGF-1 (IGF1), IGF-1 receptor (IGF1R), and forkhead box O1 
(FOXO1); pyruvate metabolism and TCA cycle flux, pyruvate carboxylase (PC), pyruvate 
dehydrogenase lipoamide alpha 1 (PDHA1), isocitrate dehydrogenase 1 NADP+, (soluble) 
(IDH1), oxoglutarate (alpha-ketoglutarate) dehydrogenase (lipoamide) (OGDH), malate 
dehydrogenase 2, NAD (mitochondrial) (MDH2), glutamate dehydrogenase 1 (GLUD1), 
glutamic-oxaloacetic transaminase 2, mitochondrial (aspartate aminotransferase 2) (GOT2), and 
lactate dehydrogenase A (muscle; LDHA) and B (heart; LDHB); propionate entry into TCA 
cycle, propionyl-CoA carboxylase (PCCA); transcriptional regulation of fatty acid oxidation, 
retinoid X receptor, alpha (RXRA),  retinoid X receptor, beta (RXRB), peroxisome proliferator-
activated receptor delta (PPARA) and peroxisome proliferator-activated receptor delta (PPARD); 
PPAR signaling, angiopoietin-like 4 (ANGPTL4). In addition to these metabolism-related genes, 
we examined the expression of several transporters: urea (SLC14A1), monocarboxylic acids 
(SLC16A1, SLC16A3, SLC16A7), Na+/H+ exchanger (SLC9A2), chloride anion exchanger 
(SLC26A3), proton-coupled amino acid symporter (SLC36A1), ADP-ATP carrier protein 1 and 2 
(SLC25A4, SLC25A5), anion exchanger (SLC4A2), and Na+/HCO3- cotransporter (SLC4A4). The 
sequence information, primer sequences and blast results are given in Table 2.3, 2.4 and 2.5. 
 
Relative mRNA abundance among transcripts  
Efficiency of PCR amplification for each gene was calculated using the standard curve 
method (E = 10-1/-log curve slope). Relative mRNA abundance among measured genes was 
  
 
55
calculated as previously reported (Bionaz and Loor, 2008), using the inverse of PCR efficiency 
raised to ΔCt (gene abundance = 1/EΔCt, where ΔCt = Ct sample - geometric mean Ct of 3 
internal control genes). Overall mRNA abundance for each gene among all samples measured 
was calculated using the median ΔCt. Use of this technique for estimating relative mRNA 
abundance among genes was necessary because relative mRNA quantification was performed 
using a standard curve (made from a mixture of RNA from several bovine tissues, which 
precluded a direct comparison among genes. Together, use of Ct values corrected for the 
efficiency of amplification plus internal control genes as baseline overcome this limitation. 
Description of genes measured and overall % relative mRNA abundance are reported in 
Appendix Tables 1 and 2. 
Gene network analysis among selected genes was conducted using the web-based 
software package IPA (www.ingenuity.com; Redwood City, CA, USA) in the same way as was 
described previously by Graugnard et al. (2010). 
 
Statistical analysis 
 Statistical analysis of all data was via ANOVA using the MIXED procedure in SAS 
(SAS Institute Inc., Cary, NC). A repeated measures model was used and consisted of time, 
treatment, and time × treatment interaction as fixed effects, as well as calf (treatment) as the 
random effect. An autoregressive covariance structure was used. All means were compared using 
the PDIFF statement of SAS. Least squares means and standard errors are reported in tables 
(Appendix Tables 1 and 2). Non-normally distributed data were log transformed for statistical 
analyses and were back transformed for graphical representation in results.   
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RESULTS 
Concentrations of metabolites in blood and tissue weights are summarized in Table 2.1. 
There was an interaction effect for the concentration of glucose (107.6 vs. 80.6 mg/dL), blood 
urea nitrogen (BUN; (10.11 vs. 5.50 mg/dL), and non-esterified fatty acids NEFA (127.9 vs. 95.3 
Eq/L) due primarily to greater concentrations at wk 5 in calves fed ENH. The effect of ENH on 
blood urea nitrogen (BUN) persisted at wk 10 of the study (14.60 vs. 8.83 mg/dL). There was a 
significant increase (time P=0.01) in serum BHBA concentration over time in the blood. There 
was an interaction effect (P=0.01) on reticulo-rumen mass due to greater weights in calves fed 
ENH vs. control at wk 10 (Table 2.1). Mean reticulo-rumen weight at wk 10 was 1.8 kg vs. 2.7 
kg for calves fed control MR plus control starter or ENH MR plus ENH starter, respectively 
(Table 2.1).  
The genes analyzed were grouped according their respective biochemical pathways 
(Appendix Tables 1 and 2); ketogenesis, TCA flux, long chain fatty acid oxidation, and insulin 
signaling pathway. Among ketogenic genes, we found an increase (time P < 0.05) in expression 
of HMGCS2, HMGCL, and BDH1over time regardless of diet (Figure 2.1). Only expression of 
HMGCL was affected due to plane of nutrition for the expression of genes in the ketogenesis 
pathway. In pyruvate and propionate metabolism we evaluated the expression of pyruvate 
carboxylase (PC) and pyruvate dehydrogenase 1 (PDHA1), respectively (Figure 2.2). The 
mRNA expression of PC was highly induced at wk 5 due to ENH (diet × time, P=0.08) (Figure 
2.2).  In addition, we also have measured expression of the mitochondrial enzymes LDHA, 
LDHB, MDH2, GLUD1, GOT2, ODGH, and the cytosolic IDH1 (Figure 2.2). Of these, LDHA 
was affected by diet × time (P=0.02) due to lower expression in calves fed ENH at wk 5 coupled 
with a marked increased between wk 5 and 10 (Figure 2.2). An opposite response was observed 
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for expression of PC, i.e. greater expression at wk 5 in calves fed ENH coupled with a decrease 
in expression at wk 10 (diet × time, P = 0.08). Expression of GOT2 and PCCA increased (time, P 
< 0.05) over time regardless of treatment. The latter was greater overall (diet P < 0.05) in calves 
fed the control treatment (Figure 2.2). 
Among long chain fatty acids (LCFA) oxidation enzymes, we have evaluated CPT1A and 
ACADVL catalyze the entry of LCFA into mitochondria and the first step of mitochondrial 
oxidation of LCFA. In our study, expression of CPT1A was significantly higher at wk 5 (time 
P=0.03) and a tendency for an interaction effect was observed (diet × time, P=0.12) (Figure 2.3). 
Higher overall expression of PPARA was observed at wk 5 (time P<0.01) and for PPARD 
expression was higher at wk 10 (time P<0.01) (Figure 2.4). The lower expression of ACADSB 
(diet, P < 0.05) that is specific for short/branched-chain FA was observed in calves fed ENH 
(Figure 2.3).  
Among the genes involved in insulin/IGF-I-related cellular proliferation, we evaluated 
the expression of IGF1, IGF1R, INSR, FOXO1, PIK3CA, and 3 isoforms of AKT (Figure 2.5). 
No previous reports have been published on the mRNA expression of isoforms of AKT in bovine 
ruminal epithelium. In this study only AKT3 expression was significantly affected due to the 
interaction of diet × time (P=0.01) because of greater expression in response to ENH at wk 5 
followed by a decrease in expression at wk 10 (Figure 2.5). Expression of AKT1 tended (P=0.14) 
to be effected by dietary treatment with greater expression due to ENH. Relative percentage 
mRNA abundance of AKT3 (0.71%) was greater than AKT2 (0.04%) but lower than AKT1 
(1.69%). The mRNA expression of IGF1 tended (P=0.14) to be greater with ENH in this study. 
The expression of IGF1 mRNA lowered with time (time P=0.05) but no dietary effect was 
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observed. Expression of INSR (P=0.04) and FOXO1 (P=0.03) was affected by dietary treatment 
with greater expression due to ENH particularly at wk 5 (Figure 2.5).  
 
DISCUSSION 
The main goal of the present study was to identify the changes in ruminal epithelium 
mRNA expression during pre-weaning and post-weaning periods in response to control or 
enhanced nutritional management. Those data could enhance our understanding of the effect of 
diet on rumen development from the neonatal to mature life stages. It must be acknowledged that 
changes in gene expression do not necessarily indicate differences in protein abundance or 
activity caused by post-translational regulation. However, several of the genes measured are 
primarily regulated at the transcriptional level. Specific details on feeding and housing 
management of calves, nutrient compositions of the diet and intakes have been reported 
previously (Stamey, 2008). 
 
Blood metabolites and ruminal tissue mass 
The observed increase in BUN with ENH was consistent with previously published data 
by Blome et al. (2003) and Bartlett et al. (2006). However, urea concentration in our study at wk 
5 was lower (8.2 vs. 11.5 mg/dL) than those reported by Bartlett et al. (2006) when calves were 
fed MR with 22% and 26% CP at the rate of 1.25% of BW daily. Previously, an effect of milk 
feeding rate (1.75% vs. 1.25% of BW) was observed on the concentration of plasma glucose 
greater values for calves fed at 1.75% than 1.25% of BW daily. Furthermore, plasma glucose 
concentration tended to increase linearly with increasing dietary CP concentration (14, 18, 22, or 
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26% of DM) (Bartlett et al., 2006). Clearly, the increase in BUN with greater dietary CP content 
shows extensive protein and amino acid degradation.   
Values of serum NEFA in the current study were comparable to those reported previously 
(Blome et al., 2003). However, an increase in dietary CP from 14% to 26% of DM or increasing 
feeding rate from 1.25% to 1.75% in previous studies did not affect NEFA concentration 
(Bartlett et al., 2006, Blome et al., 2003). In the present study, a greater intake of fat from the 
ENH diet during the pre-weaning period likely accounted for the greater concentration of blood 
NEFA at wk 5. Thus, the significant decrease in NEFA concentration in blood with age reflected 
the lower intake of fat post-weaning, i.e. there was a negligible amount of fat in starter.  
  A significant increase in serum BHBA concentration over time in the blood suggests 
there was normal ruminal development without a significant effect of diet. In contrast to our 
study, there was greater BHBA concentration in calves fed 28% CP and 20% fat MR plus 20.5% 
CP starter for a period of 42 days as compared to calves fed 20% CP and 20% fat MR plus 
20.5% CP starter at 10% of BW (Bridges, 2009). Differences in the response of BHBA to diet 
may be associated with higher percentage of cracked corn (43.7% on fed basis) in the above 
study as compared to ours (22.5% vs. 21.5% in control vs. ENH starter), i.e. more butyric acid to 
produce BHBA would have been available.  
Increased feeding rate of MR and providing high quality starter resulted in an increased 
weight of reticulo-rumen at wk 10. Bartlett et al. (2006) did not observe any effect of increasing 
dietary CP content on organ weights (GIT, liver, heart, and kidneys) but they increased when 
feeding rates increased from 1.25% to 1.75% of BW (Bartlett et al., 2006). In contrast, a linear 
relationship was observed between total visceral weight (including GIT) and dietary CP content 
(Blome et al., 2003). 
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Ketogenesis 
 Ketogenesis is a hallmark of metabolic development of ruminal epithelium tissue (Lane 
et al., 2002). The mature ruminal epithelium captures the majority of its energy from the 
oxidation of fermentation end products, i.e. VFA (Remond et al., 1995). More than 90% of 
butyrate produced as a result of microbial fermentation is oxidized and used for ketogenesis 
(Sehested et al., 1999). In this study, we evaluated the expression of five enzymes catalyzing 
different reaction of ketogenesis: ACAT1, HMGCS2, HMGCL, BDH1, and AACS. We found an 
increase in expression of HMGCS2, HMGCL, and BDH1over time regardless of diet. We are 
unaware of previous work demonstrating longitudinal changes in expression of these ketogenic 
enzymes except for ACAT. Our result with ACAT1 was opposite from a previous study reporting 
increased expression of ACAT (a human cDNA was used for northern blots) with age in milk-fed 
and conventionally reared lambs (Lane et al., 2002).  
The conversion of 3-hydroxymethyl-3-methylglutaryl-coenzyme A (HMG-CoA) to 
acetoacetate is catalyzed by HMGCL and its expression was greater in calves fed ENH primarily 
due to a substantial increase by wk 10. The final step of ketogenesis is the production of BHBA 
catalyzed by BDH1 (Zammit, 1984). The relative abundance of ACAT1 (1.0%), HMGCL 
(0.46%), and BDH1 (1.68%) mRNA was substantially lower than HMGCS2. Leighton et al. 
(1983) reported a lower activity of BDH1 as compared to HMGCL and HMGCS in the mature 
ruminal epithelium. Besides BHBA, acetoacetate also is absorbed efficiently from ruminal 
epithelium tissue (Beck et al., 1984). The relatively lower expression of BDH1 may partly 
account for the quantitative release of acetoacetate into portal blood (Beck et al., 1984). 
Although speculative, the fact that HMGCS2 was by far the most abundant gene examined is 
suggestive of an adaptive mechanism in the developing ruminal epithelium to ensure that there 
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was enough HMG-CoA available for subsequent production of BHBA via BDH1, i.e. HMGCS2 
catalyzes the rate-limiting reaction of ruminal ketogenesis, as is the case in liver (Lowe and 
Tubbs, 1985). If this hypothesis holds true it may explain the relatively lower abundance of 
ACAT1, i.e. flux of acetyl-CoA through ruminal ketogenesis is primarily at the level of 
HMGCS2 not ACAT1. Under different nutritional and hormonal conditions, the level of 
HMGCS2 mRNA is strongly correlated with the rate of ketogenesis (Hegardt, 1999), thus, it is 
evident that changes in mRNA of this enzyme are important in the overall control over the 
mitochondrial ketogenesis. Coordination of acetyl-CoA production via fatty acid oxidation is 
discussed in the section below.  
 Except for HMGCL there was no difference due to plane of nutrition for the expression 
of genes in the ketogenesis pathway. This appears consistent with data from dairy cows reported 
previously (Penner et al., 2009) in which no effect on mRNA expression of ketogenic enzymes 
was found due to feeding a high-forage vs. high-concentrate diet. Harmon et al. (1991) also 
reported no differences in the net production of acetoacetate and BHBA from acetate and 
butyrate by ruminal papillae slices harvested from beef cattle fed a 90% concentrate or 90% 
forage diet; however, they detected increased oxidation of acetate and butyrate with the 90% 
concentrate diet. The present and previous data (Lane et al., 2002; Harmon et al., 1991) suggest 
that transcriptional adaptations of ketogenic enzymes in the developing ruminal epithelium are 
more a function of age than plane of nutrition. However, the differences in reticulo-rumen mass 
observed at wk 10 also seem to indicate that ENH might have provided additional substrate for 
metabolism, i.e. feed-forward effect on flux through metabolic pathways. 
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Pyruvate and propionate metabolism  
Ruminal epithelium readily metabolizes pyruvate contributing carbon for the production 
of oxaloacetate, lactate or ketone bodies (Pennington and Sutherland, 1955). Pyruvate can be 
formed via glycolysis or during gluconeogenesis via oxaloacetate, a reaction catalyzed by the 
mitochondrial PC and cytosolic PCK1 enzymes (Penner et al., 2009). Another key gene related 
to TCA cycle flux in ruminants is PCCA, which encodes an enzyme that converts propionyl-CoA 
to methylmalonyl-CoA prior to for formation of succinyl-CoA and entry of propionate carbon 
into the TCA cycle (Pennington and Sutherland, 1956). In addition to evaluating PC, PCCA, 
LDHA, and LDHB, we also have measured expression of the mitochondrial enzymes PDHA1, 
MDH2, GLUD1, GOT2, ODGH, and the cytosolic IDH1. Of these, LDHA was affected by diet × 
time due to lower expression in calves fed ENH at wk 5 coupled with a marked increased 
between wk 5 and 10. An opposite response was observed for expression of PC, i.e. greater 
expression at wk 5 in calves fed ENH coupled with a decrease in expression at wk 10. The 
mRNA expression of GOT2 and PCCA increased by wk 10 regardless of the treatment. The latter 
was greater overall (diet P < 0.05) in calves fed the control treatment. 
Despite the extremely low mRNA abundance (<0.01% of total genes measured) of PC, 
its greater mRNA expression coupled with lower expression of LDHA at wk 5 in calves fed 
ENH suggested that this nutritional treatment might have led to greater utilization of circulating 
amino acids for gluconeogenesis by ruminal tissue, i.e. greater PC before weaning might have 
reflected more pyruvate production from oxaloacetate. In contrast, greater starter consumption in 
calves fed the control diet at wk 5 might have led to greater PCCA expression, a response that 
carried over through wk 10 when the quality of starter was higher in calves fed ENH. Despite 
greater daily starter intake (CP 20.5%) in calves fed enhanced MR (28% CP plus 20% fat) as 
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compared to calves fed conventional MR (20% CP plus 20% fat) (Bridges, 2009), they observed 
higher propionate concentration at wk 4 in controls. Based on the observation noted by (Bridges, 
2009), it might also be speculated that control diet have led to higher propionate production as 
compared to ENH treatment which might also explain our observation of higher PCCA 
expression when feeding the control diet. The increase in LDHA expression between wk 5 and 
10 in calves fed ENH also was suggestive of quality of starter having an effect on fermentation 
and that, in turn, affecting mRNA expression in ruminal cells. Greater lactate and pyruvate 
production along with an increase in propionate production were reported when incubating 
ruminal epithelial cells with increasing amounts of propionate (Baldwin and Jesse, 1996). In 
another study, propionate metabolism in vitro resulted in greater pyruvate and lactate production 
in ruminal epithelium from steers fed a 90% concentrate vs. 90% forage diet for 140 d (Harmon 
et al., 1991). Although we did not measure ruminal VFA profiles, it is likely that greater starter 
intake through wk 5 in controls and greater fermentability of starter over time in enhanced 
nutrition may have played a role in the observed expression patterns of PC, PCCA, and LDHA. 
The relatively lower mRNA abundance of PCCA (0.31%) and LDHA (1.67%) compared with 
ketogenic genes suggested that propionate metabolism in these young calves was minor and in 
accordance with the low rates of propionate metabolism by ruminal epithelium published 
previously (Remond et al., 1995).  
Although we found no change in expression of IDH1, considering its involvement in 
generating NADPH in the cytosol during ruminant lipogenesis (Bauman et al., 1970) it was 
noteworthy that IDH1 relative mRNA abundance (ca. 2.5% of total mRNA) was higher 
compared with other TCA cycle (OGDH, PDHA1, GOT2, GLUD1, PC) or cytosolic enzymes 
(LDHA, LDHB) that would be expected to play a more important role during ruminal cell 
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metabolism. It could be possible that IDH1 contributes to TCA cycle flux in these cells through 
continued production of α-ketoglutarate, which upon entry into mitochondria could be 
metabolized by OGDH (Bauman et al., 1970). Although not expected to play a quantitative role 
in TCA cycle flux during active ketogenesis, the relative abundance of the TCA cycle enzymes 
OGDH (1.27%) and PDHA1 (0.91%) was close to that of ACAT1 (1.0%). However, the greater 
relative abundance of MDH2 (ca. 2% of total mRNA) and the fact that PC relative mRNA 
abundance was quite low (<0.01%) seems to suggest that metabolism of pyruvate in the TCA 
cycle of developing ruminal epithelium is minor and does not contribute quantitatively to 
production of oxaloacetate or acetyl-CoA. Although not measured in our study, the fact that 
MDH2 abundance was higher than GOT2 was indicative of greater influx of cytosolic malate 
into mitochondria.  
 
Long chain fatty acid oxidation 
Long chain fatty acids (LCFA) are essential metabolic fuels. Oxidation of LCFA such as 
palmitate may provide acetyl CoA for ketogenesis in ruminal epithelium cells (Jesse et al., 
1992). Besides it role in metabolism, LCFA also are essential for cellular membranes of 
proliferating cells. Thus, the level of intracellular LCFA is a highly regulated process. In non-
ruminants, it is well established that LCFA metabolism is regulated by members of the nuclear 
receptor family of ligand-activated transcription factors, peroxisome proliferator activated 
receptors (PPAR) (Burdick et al., 2006). PPAR heterodimerize with the retinoic X receptor 
(RXRs) after activation and bind specific sequences in the promoter region called peroxisomal 
proliferator response elements (PPRE). PPARα target genes are involved in mitochondrial and 
peroxisomal β-oxidation of LCFA (Schoonjans et al., 1996). A role for PPARD in catabolism of 
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FA and epithelial cell proliferation and keratinization (discussed below) has been reported 
previously (Burdick et al., 2006, Shi et al., 2002). In some cell systems, PPARD partly inhibits 
the action of PPARA through binding to PPRE after interacting with co-repressors such as 
SMRT (Burdick et al., 2006, Shi et al., 2002).  
The enzymes CPT1A and ACADVL catalyze the entry of LCFA into mitochondria and the 
first step of mitochondrial oxidation of LCFA (Zammit, 1984). In our study, expression of 
CPT1A was significantly higher at wk 5 and a tendency for an interaction effect was observed. 
Greater expression of CPT1A at wk 5 than wk 10 might have been partly related with LCFA 
intake from MR, i.e. developing ruminal tissue has the ability to utilize LCFA as energy source 
as shown by Jesse et al. (1992). This suggestion agrees with the relative abundance (ca. 1.3% of 
total mRNA) of CPT1A and ACADVL. Higher overall expression of PPARA at wk 5 but higher 
PPARD at wk 10 was suggestive of different regulatory mechanisms for both PPAR isoforms 
perhaps driven by a combination of substrate availability (e.g. dietary LCFA), the need to 
promote cell differentiation, and/or both. For example, higher PPARD at wk 5 was suggestive of 
more reliance on LCFA in the milk-fed period (e.g. higher blood NEFA) likely driven by the 
greater intake of LCFA from MR (~20% fat).  
Besides its role in LCFA oxidation, PPARD also is involved in transcriptional regulation 
of ketogenic genes, especially HMGCS2. In non-ruminants PPARα induces HMGCS2, ACADVL, 
and CPT1A expression by binding directly to DNA response elements in their promoter 
(Rodriguez et al., 1994). Recent data also has provided evidence that activation of bovine 
PPARα in vitro leads to up regulation of the above genes (Bionaz et al. 2011). Despite the above 
data supporting LCFA oxidation by ruminal cells, it was shown previously that in the presence of 
butyrate at physiological concentrations (10 mM), palmitate oxidation in isolated ruminal 
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epithelial cells of sheep was reduced one half of that of butyrate (Jesse et al., 1992). Furthermore, 
palmitate oxidation also was inhibited in the presence of NH3 (15 mM) (Jesse et al., 1992). The 
lack of treatment effect on CPT1A and the weak effect on ACADVL coupled with the low 
relative mRNA abundance of both enzymes argues against LCFA oxidation being quantitatively 
important in ruminal cells. In fact, it appears evident from our results with ACADSB and ACADS 
that ruminal epithelium is likely more reliant on short- and branched-chain FA oxidation to 
derive energy because these two genes accounted for 2-3% of total mRNAs measured. The lower 
expression of ACADSB, which is specific for short/branched-chain FA (Rozen et al., 1994), in 
calves fed ENH might have been related with lower starter intake during the first 5 wk; whereas, 
starter quality seems to have been a determinant factor for differences in ACADSB through wk 
10. The control starter had greater percentage of wheat middling’s (46% vs. 5%), soybean meal 
(34% vs. 77%), and distiller’s grains content (10% vs. 5%) as compared to ENH (Stamey, 2008). 
With the exception of fiber, the feeding value of wheat middlings is similar to that of cereal 
grains (ZoBell et al., 2003). Previous and current data indicate that the energy requirement of 
ruminal epithelial cells is tightly regulated by availability of fuels, metabolism, and likely 
transcriptional regulation of enzymes. 
Variation in ATP production and energy metabolism results from the differential 
expression of genes involved in oxidative phosphorylation and exchange of ATP and ADP in the 
cell. We have evaluated the mRNA expression of two mitochondrial proteins that link 
mitochondrial ATP production with cellular ATP consumption, i.e. the adenine nucleotide 
translocase SLC25A4 and SLC25A5. We observed a significant diet × time effect for SLC25A4 
due to a marked decrease in expression between wk 5 and wk 10 due to ENH. SLC25A4 is 
expressed ubiquitously in mouse tissues and is a relatively abundant protein of the inner 
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mitochondrial membrane (Klingenberg, 1993). SLC25A5 is found in striated muscle of mouse 
and mediates the exchange of ATP and ADP across the inner mitochondrial membrane (Fiore et 
al., 1998). The biological explanation for the observed decrease in SLC25A4 with enhanced 
plane of nutrition is not readily apparent. 
 
Insulin signaling pathway  
The intake of protein- and energy-rich diets promotes the growth of ruminal tissues by 
promoting epithelial cell proliferation (Shen et al., 2004). Insulin (Sakata and Tamate, 1979) and 
Insulin-like growth factor-I (IGF-I) are known to regulate ruminal epithelial cell-proliferation 
(Baldwin, 1999) in cooperation with their receptors INSR and IGF1R. In Caco-2 and DLD-1 
intestinal cell lines, upon binding to their receptors these growth factors initiate a signal 
transduction cascade that results in expression of extracellular-related protein kinases that are 
involved in proliferation, e.g., the serine/threonine protein kinase, AKT (Kaulfuss et al., 2009). 
In this study only AKT3 expression was significantly affected due to the interaction of diet × 
time because of greater expression in response to ENH at wk 5 followed by a decrease in 
expression at wk 10. Expression of AKT1 tended to be effected by dietary treatment with greater 
expression due to ENH. Relative percentage mRNA abundance of AKT3 (0.71%) was greater 
than AKT2 (0.04%) but lower than AKT1 (1.69%). By far, AKT1 is the most abundant AKT 
isoform in rodent muscle and is activated in response to IGF-1 (Sandri, 2008). Substantial 
reduction in size and weight of testes and brain (as well as whole animal size) has been observed 
in AKT3-deficient mice (Dummler et al., 2006). The relatively higher percentage of AKT1 
mRNA and its numerically higher gene expression with ENH at wk 10 was suggestive of a 
potentially important role in the observed response of reticulo-rumen mass. Interestingly, AKT3 
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expression was significantly lower due to ENH at wk 10, which is opposite to its previously 
reported role in coordinating the increase in organ weight via promoting, cell proliferation in 
mice (Dummler et al., 2006). 
We found that expression of IGF1 mRNA tended to be greater with ENH in this study. 
Shen et al. (2004) did not find any effect of dietary treatment on relative copy number of IGF1 
mRNA or IGF1R mRNA in ruminal epithelium isolated from 4 months old goats fed a diet with 
higher-energy and -nitrogen  (2.2× and 3.3× maintenance) for a period of 42 d (Shen et al., 
2004). However, ruminal papillae size was significantly greater in goats fed the higher plane of 
nutrition and was associated with increased plasma IGF1 concentration (Shen et al., 2004). In 
another study (Shen et al., 2005), ruminal papillae size in mature bulls was positively correlated 
with high-energy diet (1.6× maintenance) as compared to a low-energy diet (1.1X maintenance) 
but was negatively correlated with rumen cell volume and copy number of IGF1 mRNA. A 
significantly higher IGF-I mRNA expression at a younger age might correspond to a lower rate 
of apoptotic cell death as reported by Shen et al. (2005). Despite the fact that IGF1 has been 
reported to protect cells from apoptosis (Jones and Clemmons, 1995) and act as a growth 
promoter in many cell types, local IGF1 status does not seem to influence ruminal epithelial cell 
proliferation (Shen et al., 2005, Shen et al., 2004). This is supported by the fact that higher 
dietary energy and protein in the above studies influenced size and length of ruminal papillae but 
did not influence IGF1 and IGF1R mRNA expression level. However, higher plasma IGF1 
concentration (not measured in our study) was reported to be associated with an increase in 
ruminal papillae size in goats consuming energy rich diets (Shen et al., 2004).  
Expression of INSR and FOXO1 was affected by dietary treatment with greater 
expression due to ENH particularly at wk 5. Insulin is an anabolic hormone that can mediate its 
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effect on ruminal cell proliferation (Sakata et al., 1980b) partly through its greater release into 
circulation in response to high VFA production (Orskov, 1976). Stobo et al. (1966) determined 
that calves consuming diets with increased CP content had more favorable conditions for rumen 
papillary development. From 3 wk of age calves were fed 7.5% CP hay ad libitum with a 20% 
CP concentrate at rates of 0.45, 0.91, 1.36, 1.81, or 2.27 kg/d. Six calves were slaughtered at 3 
wk of age before consuming dry feed. The remaining calves were slaughtered at 84 d of age in 
order to determine digestive tract development. Calves that were fed more concentrate consumed 
less hay. The calves fed 1.81 or 2.27 kg/d of treatment diets exhibited extensive ruminal 
development when compared to calves on the other treatments. Therefore, it could be possible 
that earlier results showing positive effects on ruminal development due to greater concentrate 
intake were driven in part via increases in insulin. 
In our study, calves fed ENH had greater reticulo-rumen mass at 10 wk, confirming 
earlier evidence (Stobo et al., 1966). In the absence of differences in reticulo-rumen mass, the 
greater mean blood glucose, live weights, and carcass weights during the milk-fed period for 
calves fed ENH vs. controls was suggestive of a lack of response of ruminal tissue to enhanced 
nutrient availability. At a more mechanistic level, the greater expression of INSR with ENH at 
wk 5 was likely associated with greater blood insulin, as reflected by greater glucose levels, but 
the fact that FOXO1 expression also was greater with ENH at wk 5 was indicative of a feed-back 
mechanism to control insulin signaling. Insulin may stimulate cell proliferation in the mucosa by 
binding to INSR. Sakata et al. (1980) showed a significant increase in mitotic activity of the 
ruminal epithelium cells isolated from sheep infused for 6 h into the jugular vein with insulin 
plus glucose as compared to sheep infused with glucose alone or saline. Further investigation on 
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how insulin, IGF-1, and their receptors interact to coordinate ruminal epithelial cell adaptations 
under changing dietary conditions is warranted. 
 
SUMMARY AND CONCLUSIONS 
 Our results indicated that up regulation of genes related to insulin and IGF-1 signaling 
due to enhanced milk replacer were not associated with differences in reticulo-rumen mass, 
suggesting that although the pre-weaned tissue may be responsive to those hormones additional 
mechanisms are required to elicit a full pro-developmental response at an early age. Because 
mRNA for the rate-limiting ketogenic enzyme HMGCS2 was markedly down regulated due to 
enhanced milk replacer, it could be possible that hormones (e.g., insulin induced by the high 
blood glucose) or lack of ruminaly derived butyrate were limiting factors for reticulo-ruminal 
development. However, it was evident that provision of high-CP starter not only enhanced 
expression of HMGCS2 and enzymes promoting pyruvate metabolism and TCA cycle flux but 
also led to greater reticulo-ruminal tissue mass. Despite a lack of ruminal VFA profiles the gene 
expression patterns observed across several biological processes provide an indication of causal 
associations between plane of nutrition and molecular mechanisms associated with ruminal 
tissue development.  
IMPLICATIONS 
Overall, results from gene expression and tissue mass underscore the importance of high-
quality starter composition on ruminal development. The relevance of such responses to future 
productivity (e.g. milk production) will have to be evaluated in dairy heifers. 
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TABLES 
Table 2.1 Animal performance, tissue weights, and tissue weight gain. 
 Wk 5  Wk 10    P value 
Item CON ENH  CON ENH  SEMc  Diet Time D × T 
Blood           
Urea, mg/dL 5.50 10.11 8.83 14.60  0.67  0.01 0.01 0.41 
Total protein, g/dL 5.33 5.66 4.61 5.05  0.32  0.23 0.01 0.84 
Glucose, mg/dL 80.6* 107.6*a 80.3* 81.8*b  6.27  0.04 0.01 0.01 
BHBA, mmol/L 0.100 0.074 0.227 0.240  0.02  0.56 0.01 0.29 
NEFA, Eq/L 95.3* 127.9a* 61.1* 45.3*b  12.7  0.49 0.01 0.01 
Live BW, kg 59.4 72.9 85.5 109.8 7.9  0.01 0.01 0.49 
Carcass, kg 33.5 42.9 42.2 56.0 4.1  0.01 0.01 0.57 
Total viscera, kg 7.7 9.3 12.3 16.1 1.1  0.01 0.01 0.29 
Reticulo-rumen, kg 1.01a 1.02a 1.69* 3.01*b 0.22  0.01 0.01 0.01 
Reticulo-rumen, kgd   1.70a 1.37a 1.97* 2.75*b 0.20  0.25 0.01 0.01 
*    Means with symbols differ due to diet × time (D × T) within wks at P<0.10. 
a-b Means with different superscripts denote significant interactions due to diet × time (D 
× T) between wks at P<0.10. 
c    SEM = the largest standard error of the mean. 
d    As a percentage of BW. 
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Table 2.2 Description of 9 potential internal-control genes. 
 
 
 
 
 
 
 
 
 
Symbol Entrez Gene Name 
CMTM6 CKLF-like MARVEL transmembrane domain containing 6 
DBNDD2 Dysbindin (dystrobrevin binding protein 1) domain containing 2 
DDX31 DEAD (Asp-Glu-Ala-Asp) box polypeptide 31 
DDX54 DEAD (Asp-Glu-Ala-Asp) box polypeptide 54 
ERC1 ELKS/RAB6-interacting/CAST family member 1 
NT5C 5', 3'-nucleotidase, cytosolic 
PPP3R1 Protein phosphatase 3 (formerly 2B), regulatory subunit B, alpha isoform 
UNC84B Unc-84 homolog B (C. elegans) 
MRPL39 Mitochondrial ribosomal protein L39 
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Table 2.3 Sequencing results of PCR products from primers of genes designed for this experiment. Best hits using BLASTN 
(http://www.ncbi.nlm.nih.gov) are shown.  
 
Gene Sequence 
AACS GCGTGCTCGTGTCGGCGGTCGGCATCCTGTGGTCAGCTCAGGCTCTGGGGAATCAACCAGCTTGGCAGCCCTTAAAGGTTT 
ACADS GAGTGTCAACAATTAACTCTACTTAGGGCCCATCCTGAAGTTCGAACACCAAGGAGCAGAAGCAGCAGCTGG 
TTGCTCCCTTCACTAGTGGTGACAAAATTG 
ACADSB GCAGTCGTGTCTCTGTTGAACTTCCTTCCTTCATGTGCCCTTAATTCTTCTTCAGTTCAGAAGCTCAGCTTCAAGCGACAA 
ACADVL GTCAGGAGGAATCCAGAATGAACTTTAGAGGAAACTGAAGGTCCCCTGGGGCTTTTTGGAATGCAAGTCCCAGAAGA 
ACAT1 CCTGTCAATCTGGCAAGAACCCATTATTTCCTCCTTGTGCTTTCAGTGCATGAGCCCAAATGGGAACGAACAATTCTGGGCTC
CCAA 
ACSS1 GCACTACTCGGTCTGGAAAAGTCATGCGGAGGCTCCTGAGGAAGATTGTCATGGGCCGAGA 
AKT1 GTGTTGGACTCAGCGTGGACCTCATGCTGGACAAGGGACGGGCACATCAAGATCACCGACCTTTCGGAAAA 
AKT2 GCGGGCAGGTCTCGGCGTGCTCAGCTGCCCCCGATGACAGACACTTATCTGGGTCTCCAGGTTTGCTGCAA 
AKT3 CGACACGTTCAGGTGCAGAATTGTCTCTGCCTTGGACTATCTACATTCCGGAAAGATTGTGTACCGCTGATCTCAAAA 
ANGPTL4 GCCCATCAGCATCCTCAACCGTGAAGCGGCCAGTATTTCCACTCCATTTCCAAGGGAAGA 
BDH1 ACCAGCCCAATTTGCATACCCAGTGAATGGCTCAGGCCTTCTCAGTTGGGGTGCAGAGTAGTGGGAC 
CA1 TCAGAGAAGAACAATAGTAGAAGAAATCATGGCAAGTCCCTGAACTGGGGAATATGAATGGTGAAAACGGTCCCTAGGA 
CPT1A GGACTATGAAGGTAAACCAGGCCCGGGACGCCCTTCGTACAGGCCTCTCGCTCCAGCTGGCTCATTACAAGGGACCA 
CPT1B CATGTCACTGTCTGTGGATGTATGTAGCATATTTATTTCGAATGGAGACGCCTGGCCAAGGAGTTCCGCAGGAGAAGACCTG
GCACTA 
FFAR1 GGACTCACGACGTGGCTCATCACAGGTGCTGTGGAGACGTGGATGGCTCAACCCTTTGGTGACTGGCTACTTGAGGA 
FFAR2 GGCTAGTGTGGTATCTGTGTTCAGTACCTGATTTCACCCAGAGGGGCCCCAAAGGGAGAATTGAGACCACCTGGTCTAA 
FFAR3 GGTCCTACGCACCGTAATCTCGTGCGTCGACCCCCTGTGTCTACTATTTCTCATCATCTGGGTTCCAAGGCCGAACACA 
FOXO1 GAGGAGAGTGATCCCCCGGAGAGAGCCGCATCCATGGACAACAACAGTAAATTTGCTAAGAGCCGAGGCCAAA 
GLUD1 GGGTGTGTACTGAGTGCGACATAGTGATCCAGATGTGTATTGACCCAAAGGAACTGGAAGACTTCAAATTGCAACATGGA 
GOT2 CACGTCGGCGTGGTAGAATAGTGGGAGGGCAATCCCGGGGCCCCATTTGGATAGGGGGGTTGGGAATACATGGGAACGGAA
TCCA 
HMGCL CGAAGGTGACAGGGATGCCGTGCGTGCCAGGCCCTCCCGTGCCTGACCTGAGTATGAGTGAGAGGGTTTGGGTAGCCTAA 
HMGCS1   GCTATCATCACGACGGAGGTTTTCAGAACACGGAGTGGTACAACCCCAACAAAATCTTCGGGGGTGGACAAC 
HMGCS2 GGGCACTAGCCAGATGGCGAGAACAGGTGAGGAGCAAGCTGGCATCGAATCGGCCTTTCACTCTCGATGAATGTGCAAAAC
CC 
IDH1 GACGTCGTGTGTGTGTCAGAATGTGCAAGAAAGTAGAAAGGCAGAGAGGCTGTGCCCACGGGGGAACTGGTAACCCGCTCA
CTACCGAATGTGA 
IGF1 CCCTACATATTTAGGTCGTCTTTTGGTATTTCTTGAGCAGGGAAGATGCCCATCACATCCTCACTAAA 
IGF1R GCATGATGCGCTAATGGTGTGATGCCTCTCTTTCAGCCTGGACACGAGCCCTTTCCATTTGAGGTGGTTACCACAA 
INSR CATGACTTCCTTCGTGACTTCAACGCAGGTGTTCCATTGGCCTATTTGACTTGTCATCTGAGCACTTAACTGTGAACCTTAAA 
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Table 2.3 (continued) Sequencing results of PCR products from primers of genes designed for this experiment. Best hits using 
BLASTN (http://www.ncbi.nlm.nih.gov) are shown.  
 
Gene Sequence 
LDHA AGCATGTCATTGGGCTGTATTTACAATATTAGGAATGATGAATTTAAAGGATGGTTCACGTTACGGCTGGGACCAACATTG 
LDHB CGATCGTATGTCACGTGTCCGAGAAGAGACCAGGATCCCACCATAAGATCACTGTAGTGGGTGTTGGACCAA 
MDH2 GCTATCATCACGACGGAGGTTTTCAGAACACGGAGTGGTACAACCCCAACAAAATCTTCGGGGGTGGACAAC 
ODGH CCGCTACAGACTTCTCACGTCCCACCACCACATTCATTGGAAGGGCAGGAAGTTCCGGCTTCCTTCCCTCCTGCGGGAAATCA
AA 
PC GATCATAGGAGTACAGAACTCATCTGGAAGAATCGAGTGACCACGCTGAGACTGGCAGCCTGACCATCCCCGACCCCTGCCT
TCAGGACACTGTGCTGCCAGA 
PCCA AGCGAAATCCATCAACGGGCGGTGGGCGGGGTCGAAAGTGTCGAGTTTTAATGCCGAGGAACCCCTACAAAGTCCTTTTTGG
TTTGCCGTCCTGTGTGAA 
PDHA1 GATGGATAAGTAGAGGTACCCTATCAGTCTCCTCAAGGACAGGATGTGAACAGCAATCTCGCCAGTAATAA 
PIK3CA AGTCAGTGTATAGATGATGGACACTGTTTCATATAGATTTTGGACACTTTTTGGATCACAAGAAGAAAAAATTTGGTTATAAA
CGAGAGCGCGTGCAA 
PPARA CGAGATCTGAAGCAAATTGAGGCAGAAATCCTTACGTGTGAGCATGACCTAGAAGATTCCGAAACCGCGA 
PPARD  AGGCTGTCGGACGGCGCGGCTCCACTACGGCGTTCACGCTTGTGAGGGATGCAAGGGGCTTCTTCCGCTCAAT 
RXRB CGACGCGGTCAGCGTCGTCGTCGTCTTCCGTCTCTCAGGGTCCATAGGCCTTAAGTGTCTAGAGCATCTGTTTTTCTTCACA 
SLC14A1 CGTTGTAGTCTCTCAGCTCGTGTAGATTCCTATAACCTAACATGCCTGAAAATACAGCAGGTGGGAAGCCTTACACACAAACA
AAGGCACAACCGGAGGCTTCTTTTC 
SLC16A1 GCACTCGTCACCAATATTCTATGTGGCCTGGGTGATCCTACCAGGTGGGTGCCTCAGGTGCAAATACCTGGACATTTCTGTGG
GAATCATATGAA 
SLC16A3 AGACAGACGTGGGCGGGGCCTTCGGGCCCGTGCGCCGGGCGTGCCGGGGGCAGGTGGGAATCATCCACCCGATCAGGTGTTT
TTACGA 
SLC16A7 GGTGCGTCTCCCTCTCATAGAGATCCAACGCTAGTAGAGCCTTTACCTTCCACCAAGTGGGATTAATTTGCCGGTTTAGGGTCC
TGGAC 
SLC25A4 CCTTCTTTCCGTCCGTCCTAGCAGGCCGACGGTGGGCAAGCCTGGAGCCTGAAAGGGAATTCCAGAAGGCCCTCCGCGGTGAC
CA 
SLC25A5 CCTGGGATAAGAGATCCGtGGGGGGACgTAACCCAGATTGTAAAGGAATACCTCCAGAAGGGGGGGGGAA 
SLC26A3 GACTCATGAACTGCATTTCCTACAATAGAGAAGAACTAATATTGCAGAACCTTGTGACATCCTTGGTTATCCTGGGAA 
SLC36A1 GGCTCGTGGATCGTGGGTCACGTGCATTTTGGGAGCTACATCCAGGGCAGCATAACTCTCAACCTGCCCAACATGGTAAA 
SLC4A2 GCTATGCGTACTCTGGAATGGATCAGTTCTATGAGCGGCTGCACCTGCTGCTCATGCCGCCCAAACACCACCCGGACGTCACC
TACGTCAAGAAGGGTCCGGGATG 
SLC4A4 GAATAAGACGCAGGGTTGAGAAGAAGAAATGTGAGCAACCCCCACGGTGGCCACCTTGTGTCCCTTCACAGCTTATTTGAAA
G 
SLC9A2 GCATGACTATCTGTGTTCGGTGGGAATCGGGGTGGGGGTGCCTGGATCGGGCATCTTCCTGGGCTTTATAGCGGCGTTTACCA
AAA 
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Table 2.4 Sequencing results of genes using BLASTN from NCBI against nucleotide collection (nr / nt) with total score. 
 
Gene Best hits Score
AACS Bos taurus acetoacetyl-CoA synthetase (AACS), mRNA 68
ACADS Bos taurus acyl-CoA dehydrogenase, C-2 to C-3 short chain (ACADS), mRNA 85.5
ACADSB Bos taurus acyl-CoA dehydrogenase, short/branched chain (ACADSB), mRNA 73
ACADVL Bos taurus acyl-CoA dehydrogenase family, member 9 (ACADVL), mRNA 80.6
ACAT1 Bos taurus acetyl-CoA acetyltransferase 1 (ACAT1), nuclear gene encoding mitochondrial protein, mRNA  83.7
ACSS1 Bos taurus acetyl-Coenzyme A synthetase 2 (AMP forming)-like (ACAS2L) 100
AKT1 Bos taurus v-akt murine thymoma viral oncogene homolog 1 (AKT1), mRNA 71.6
AKT2 PREDICTED: Bos taurus similar to RAC-beta serine/threonine-protein kinase transcript variant 2 (AKT2), 
mRNA 84.2
AKT3 PREDICTED: Bos taurus similar to RAC-gamma serine/threonine-protein kinas (Protein kinase Akt-3)  
mRNA 104
ANGPTL4 Bos taurus angiopoietin-like 4 (ANGPTL4), mRNA 48.2
BDH1 Bos taurus 3-hydroxybutyrate dehydrogenase, type 1 111
CA1 Bos taurus carbonic anhydrase I (CA1), mRNA >gb|BC116126.1| Bos taurus carbonic anhydrase I, mRNA 62.6
CPT1A PREDICTED: Bos taurus carnitine palmitoyltransferase 1A liver-like (CPT1A), mRNA 71.6
CPT1B Bos taurus carnitine palmitoyltransferase 1B (muscle) (CPT1B), nuclear 53.6
FFAR1 PREDICTED: Bos taurus similar to Free fatty acid receptor 1 (G-protein coupled receptor 40) (FFAR1), 
mRNA 77
FFAR2 Bos taurus free fatty acid receptor 2 (FFAR2),  Bos taurus G protein-coupled receptor 43 (GPR43) mRNA 71.2
FFAR3 Bos taurus free fatty acid receptor 3 (FFAR3), Bos taurus G protein-coupled receptor 41 variant 1A 
(GPR41) mRNA 82.4
FOXO1 PREDICTED: Bos taurus similar to Forkhead box protein O1 (Forkhead box protein O1A)  96.9
GLUD1 Bos taurus glutamate dehydrogenase 1 (GLUD1), nuclear gene encoding mitochondrial protein, 
mRNA 89.7
GOT2 Bos taurus glutamic-oxaloacetic transaminase 2, mitochondrial (aspartate aminotransferase 2),  
mRNA 64.4
HMGCL Bos taurus 3-hydroxymethyl-3-methylglutaryl-CoA lyase (HMGCL), mRNA 73.4
HMGCS1 PREDICTED: Bos taurus HMGCS1 protein-like (HMGCS1), mRNA 85.5
HMGCS2 Bos taurus 3-hydroxy-3-methylglutaryl-Coenzyme A synthase 2 (mitochondrial) (HMGCS2), 
mRNA  80.6
IDH1 Bos taurus isocitrate dehydrogenase 1 (NADP+), soluble (IDH1), mRNA  72
IGF1 Bos taurus insulin-like growth factor 1 (somatomedin C) (IGF1), mRNA 59
IGF1R PREDICTED: Bos taurus insulin-like growth factor 1 receptor (IGF1R), mRNA 183
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Table 2.4 (continued) Sequencing results of genes using BLASTN from NCBI against nucleotide collection (nr / nt) with total 
score. 
 
Gene Best hits Score 
INSR PREDICTED: Bos taurus insulin receptor (INSR), mRNA 95.1
LDHA Bos taurus lactate dehydrogenase A (LDHA), mRNA mRNA for lactate dehydrogenase-A isozyme 82.4
LDHB Bos taurus lactate dehydrogenase B, mRNA (cDNA clone MGC:179260 IMAGE:7948187) 69.8
MDH2 Bos taurus malate dehydrogenase 2, NAD(mitochondrial)(MDH2), mRNA 73.4
ODGH Bos taurus oxoglutarate (alpha-ketoglutarate) dehydrogenase (lipoamide) (OGDH), mRNA 59
PC Bos taurus pyruvate carboxylase (PC), nuclear gene encoding mitochondrial protein, mRNA 123
PCCA Bos taurus propionyl Coenzyme A carboxylase, alpha polypeptide (PCCA), mRNA 68
PDHA1 Bos taurus pyruvate dehydrogenase (lipoamide) alpha 1 (PDHA1, mRNA  77
PIK3CA Bos taurus phosphoinositide-3-kinase, catalytic, alpha polypeptide (PIK3CA), mRNA 149
PPAR_  Bos taurus peroxisome proliferator-activated receptor delta (PPAR_ ), mRNA  98.7
PPARA Bos taurus peroxisome proliferator-activated receptor alpha (PPARA), mRNA  77
RXRB Bos taurus retinoid X receptor, beta (RXRB), mRNA 89.7
SLC14A1 Bos taurus solute carrier family 14 (urea transporter), member 1 (Kidd blood group) (SLC14A1), mRNA  99
SLC16A1 Bos taurus solute carrier family 16, member 1 (monocarboxylic acid transporter 1) (SLC16A1), mRNA  75.2
SLC16A3 Bos taurus solute carrier family 16, member 3 (monocarboxylic acid transporter 4) (SLC16A3), mRNA 50
SLC16A7 Bos taurus SLC16A7 mRNA for monocarboxylate transporter 2, partial cds 48.2
SLC25A4 Bos taurus solute carrier family 25 (mitochondrial carrier; adenine nucleotide translocator), member 4, 
mRNA  39.2
SLC25A5 Bos taurus solute carrier family 25 (mitochondrial carrier; adenine nucleotide translocator), member 5, 
mRNA 50
SLC26A3 Bos taurus solute carrier family 26, member 3 (SLC26A3), mRNA >gb|BC134586.1| 78.8
SLC36A1 PREDICTED: Bos taurus similar to solute carrier family 36 member 1 (SLC36A1), mRNA 80.6
SLC4A2 PREDICTED: Bos taurus solute carrier family 4, anion exchanger, member 2 (SLC4A2), mRNA  136
SLC4A4 Bos taurus solute carrier family 4, sodium bicarbonate cotransporter, member 4 (SLC4A4), mRNA te cds 66.2
SLC9A2 PREDICTED: Bos taurus similar to solute carrier family 9 (sodium/hydrogen exchanger), member, partial 
mRNA 68
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Table 2.5 Gene ID, GenBank accession number, hybridization position, sequence and amplicon 
size of primers for Bos taurus used to analyze gene expression by qPCR. 
 
Gene ID Accession # Gene 
Primer
s1 Primers (5'-3') Bp2 
505842 NM_001163929.1 
AACS F.2375 ACCTGCGTGTGTGCCATTAC 103
AACS R.2377 TTAAGGCTGCAAGCTGGTTGA 
617428 NM_001078076.1 
ACADVL F.707 CCAGCCCCTGTGGAAAATACTA 62
ACADVL R.768 GCCCCCGTTACTGATCCAA 
511222 NM_001034401.1 
ACADS F.410 GAGTGTCAACAATTCCCTCTACTTAG 124
ACADS R.532 GGTTCACTGAGGGCAAAGCA 
504301 NM_001017933.1 
ACADSB F.193 GCGCTGCTACGAAGAAACTTC 100
ACADSB R.292 TTGTCGCTTTGAGCTGAGCTT 
511082 NM_001046075.1 
ACAT1 F.14 GTCGGAGATCATGCCTGTGTT 113
ACAT1 R.113 TGATACATAACTTCGCTCCGCATA 
282873 BC114698.1 
ACSS1 F.349 GAGCGAGATGAGCCTGGAACT 100
ACSS1 R.488 GGCGGACTCCATACCTCTTG 
280991 NM_173986.2 
AKT1 F.864 GGATTACCTGCACTCGGAAAAG 100
AKT1 R.963 TCCGAAGTCGGTGATCTTGAT 
534923 XM_864913.3 
AKT2 F.4646 GCCTCCAGCCGCTTCAC 100
AKT2 R.4745 GCAGCAAACTGGAGACCAGAT 
100137872 XM_001788690.1 
AKT3 F.750 TTGTCGAGAGAGCGGGTGTT 100
AKT3 R.859 TTGAGATCACGGTACACAATCTTTC 
509963 NM_001046043.2 
ANGPTL4 F.28 AGGAAGAGGCTGCCCAAGAT 109
ANGPTL4 R.136 CCCTCTCTCCCTCTTCAAACAG 
534090 NM_001034600.1 
BDH1 F.1365 CCCACCACCAGTCTGAGCAT 101
BDH1 R.1467 CCCACTACTCTGCACCCCAA 
510801 NM_001075466.1 
CA1 F.11 GTCAGTTATTCCAGGTATTGTCTTTG 100
CA1 R.110 CAGGACCGTTTTCACCATCAT 
506812 FJ415874.1 
CPT1A F.141 TCGCGATGGACTTGCTGTATA 100
CPT1A R.240 CGGTCCAGTTTGCGTCTGTA 
509459 NM_001034349.2 
CPT1B F.751 GTCAGTTATTCCAGGTATTGTCTTTG 101
CPT1B R.851 CAGGACCGTTTTCACCATCAT 
618180 XM_002694932.1 
FFAR1 F.742 TTCCTGCACCCCGACATT 97
FFAR1 R.838 CCAAGTAGCCAGTCACCAAAGG 
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Table 2.5 (continued) Gene ID, GenBank accession number, hybridization position, sequence 
and amplicon size of primers for Bos taurus used to analyze gene expression by qPCR. 
 
Gene ID Accession # Primers1 Primers (5'-3') Bp2 
522431 NM_001163784.1 
FFAR2 F.522 ATCGCCTGGGTCATGTCTTT 100 
FFAR2 R.621 AGCAGGTGGTCTCATTCTCCTTT 
527517 NM_001145233.1 
FFAR3 F.799 AAGCCCCACGTGGAGAAGTTAT 100 
FFAR3 R.899 GTCGGCTTGGAACCCAGAT 
516947 XM_001249412.2 
FOXO1 F.716 GCTCCTGGTGGATGCTCAAT 105 
FOXO1 R.820 GGCCTCGGCTCTTAGCAAAT 
281785 NM_182652.1 
GLUD1 F.976 CGTTTTGGTGCTAAATGTATTGCT 103 
GLUD1 R.1087 CATGTTGCAATTTGAAGTCTTCCA 
286886 NM_174806.2 
GOT2 F.960 GATCCGTCCCATGTATTCCAA 100 
GOT2 R.1059 CACTTCGTGCAACCATTGTTTC 
317658 NM_001075132.1 
HMGCL F.1115 ATTGTGGAAGTTGGTCCTCGA 105 
HMGCL R.1219 GGACCCAGTGGCTCACAGTT 
407767 XM_609765.4 
HMGCS1 F.184 GTTCTTTACCCCTCACGCAGTT 110 
HMGCS1 R.293 GGAAAATAGATCTCAAGGGCAAC 
503684 NM_001045883.1 
HMGCS2 F.837 TTACGGGCCCTGGACAAAT 100 
HMGCS2 R.936 GCACATCATCGAGAGTGAAAGG  
281235 NM_181012.3 
IDH1 F.1061 ATGGCTCTCTTGGCATGATGA 101 
IDH1 R.1161 CATTCGGTAGTGACGGGTTACA 
281239 AB435501.1 
IGF1 F.191 TCAGAAGCAATGGGAAAAATCAG 100 
IGF1 R.290 AGGAGGATGTGATGGGCATCT 
281848 BC151427.1 
IGF1R F.1258 GCGGCATCCAACAACTACATC 116 
IGF1R R.1373 TGATACAGGAGCTCGGAGAACA 
408017 XM_590552.4 
INSR F.3943 CGGAGCTCAGAGATCACGACTAT 106 
INSR R.4048 
AGGTTCACAGTTAAGTGCTCAGA
TG 
281274 BC146210.1 
LDHA F.756 GCCTGTATGGAGTGGAGTGAATG 100 
LDHA R. 855 GTGAACCGCTTTCCACTGTTC 
281275 NM_001013587.1 
LDHB F.15 TTGTCTTCGTGCAGCCCTTA 100 
LDHB R.114 TTCTTCTGCAACTGGTGCAATC 
281306 NM_174806.2 
MDH2 F.501 TCTGCATCATCTCAAATCCAGTTA 100 
MDH2 R.600 GTCACCCCGAAGATTTTGTTG 
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Table 2.5 (continued) Gene ID, GenBank accession number, hybridization position, sequence 
and amplicon size of primers for Bos taurus used to analyze gene expression by qPCR. 
 
Gene ID Accession # Gene Primers1 Primers (5'-3') Bp2 
534599 NM_001077828 
ODGH F.550 TTCTACGGTCTGGACGAGTCTGA 100 
ODGH R.649 TGATTTCCCGCAGAGGAAGA 
338471 NM_001101046.1 
PC F.3577 CGAGGCGTGAAGACCAACAT 85 
PC R.3700 CTCTGGGTTCTCGTCGATGAA 
614302 NM_001083509.1 
PCCA F.1146 GGGTTACCCTCTCAGGCACAA 110 
PCCA R.1255 CAACAGACGGCAAACCAAAA 
407109 NM_001078076.1 
PDHA1 F.999 GAGTGAGTTACCGTACCCGAGAA 101 
PDHA1 R.1099 ACTGGCGAGATTGCTGTTCA 
282306 NM_174574.1 
PIK3CA F.2732 TGGGAATTGGAGATCGTCACA 126 
PIK3CA R.2857 GCACGCGCTCTCGTTTATAAC 
281992 NM_001034036.1 
PPARA F.729 CATAACGCGATTCGTTTTGGA 102 
PPARA R.830 CGCGGTTTCGGAATCTTCT 
353106 XM_586817.4 
PPARD F.460 TGTGGCAGCCTCAATATGGA 100 
PPARD R.559 GACGGAAGAAGCCCTTGCA 
504943 NM_001083676.1 
RXRB F.1421 GCAAACAGAAGTACCCTGAGCAA 107 
RXRB R.1527 GAAGAAAAACAGATGCTCTAGACACT 
493988 NM_001008666.1 
SLC14A1 F.2373 GATAAAGAAGCCTCCGGTTGTG 95 
SLC14A1 R.2467 AAGCTTCCCACTGCTGTATTCAG 
505775 NM_001037319.1 
SLC16A1 F.1701 CCTGTGGGACTGAAGGGTAAAT 110 
SLC16A1 R.1813 ATGATTCCCACAGAAATGTCCAGTAT 
510085 NM_001109980.1 
SLC16A3 F.1620 GTCAACGCTCGTATTTATTTCACAA 101 
SLC16A3 R.1720 AAAACACTGATCGGGTGATGATC 
614573 NM_001083636.1 
SLC16A7 F.565 AGGAGGTTTGTTATGCTGTTTGG 101 
SLC16A7 R.664 CAGACCTAAACCGCAAATTAATCC 
282478 NM_174658.1| 
SLC25A4 F.939 GATCCATTGTGTGGTTTAATAGACTCT 95 
SLC25A4 R.1033 TCCCCCCTCTGAGGTATTCC 
282479 BC102950.1 
SLC25A5 F.376 GCCACTTCCCTGTGTTTCGT 105 
SLC25A5 R.480 GTCACCGAGGCCTCTGAATTC 
512856 NM_001083676.1 
SLC26A3 F.875 CACACCGATCCATTTTCACTTTT 100 
SLC26A3 R.974 CCAGGATAACCAAGGATGTCACA 
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Table 2.5 (continued) Gene ID, GenBank accession number, hybridization position, sequence 
and amplicon size of primers for Bos taurus used to analyze gene expression by qPCR. 
 
Gene ID Accession # Primers1 Primers (5'-3') Bp2 
518759 NM_001192498.1 
SLC36A1 F.888 GGCTATCGTCACTGCCCTCTA 100 
SLC36A1 R.987 ACAGTTGGGCAGGTTGAGAGTT 
404084 NM_001034401.1 
SLC4A2 F.3340 GCTGTGCTCTTCGGGATTTTC 132 
SLC4A2 R.3471 CCGGACCTTCTTGACGTAGGT 
282360 XM_001788699.1 
SLC4A4 F.380 AGACGGCGAGGTGGATTAAGTT 100 
SLC4A4 R.479 TCAAATAAGCTGTGAAGGGACAAG 
790409 NM_182652.1 
SLC9A2 F.1705 GAGACCGTTGACGTGTTTGCT 100 
    SLC9A2 R.1804 TGGTAAACGCCGCTATAAAGC   
    
 
1 Primer direction (F – forward; R – reverse) and hybridization position on the sequence. 
2 Amplicon size in base pair (bp). 
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Table 2.6 Quantitative PCR performance among the genes measured in ruminal epithelium 
tissue. 
 
Gene Median Ct1 
Median 
∆Ct2 Slope3 (R2)4 Efficiency6 
AACS 26.12 3.67 -3.40 0.99 1.97 
ACADS 18.93 -3.48 -3.80 0.99 1.83 
ACADSB 19.71 -3.03 -3.80 0.99 1.83 
ACADVL 25.66 3.50 -3.20 0.99 2.05 
ACAT1 20.28 -2.22 -3.10 0.99 2.10 
ACSS1 23.84 1.47 -3.40 0.99 1.97 
AKT1 20.42 -2.22 -3.20 0.99 2.05 
Akt2 25.00 2.55 -2.70 0.99 2.35 
Akt3 21.32 -1.15 -3.60 0.99 1.90 
ANGPTL4 25.67 3.18 -3.60 0.99 1.90 
BDH1 19.97 -2.42 -3.50 0.99 1.93 
CA1 15.63 -6.64 -3.10 0.99 2.10 
CPT1A 21.32 -1.20 -2.60 0.98 2.42 
CPT1B 27.58 5.20 -3.50 0.99 1.93 
FFAR2 32.53 10.22 -1.48 0.84 4.74 
FOXO1 24.45 1.90 -3.30 0.99 2.01 
GLUD1 23.22 0.92 -3.50 0.99 1.93 
GOT2 23.78 1.28 -3.70 0.99 1.86 
HMGCL 36.33 -0.50 -3.90 0.99 1.80 
HMGCS1 23.15 0.71 -3.50 0.99 1.93 
HMGCS2 14.73 -7.80 -3.60 0.99 1.90 
IDH1 19.45 -3.04 -3.70 0.99 1.86 
IGF1 23.48 1.03 -2.90 0.99 2.21 
IGF1R 23.90 1.58 -3.50 0.99 1.93 
INSR 25.02 2.69 -3.60 0.99 1.90 
LDHA 19.81 -2.63 -3.80 0.99 1.83 
LDHB 21.86 -0.36 -3.80 0.99 1.83 
MDH2 19.60 -2.75 -3.70 0.99 1.86 
ODGH 20.40 -2.06 -3.60 0.99 1.90 
PC 28.67 6.18 -3.20 0.98 2.05 
PCCA 22.58 0.16 -3.40 0.99 1.97 
PDHA1 21.14 -1.24 -3.30 0.99 2.01 
PIK3CA 22.92 0.50 -3.50 0.99 1.93 
PPARA 27.20 4.77 -3.04 0.99 2.13 
PPARD 22.17 -0.31 -3.60 0.99 1.90 
RXRA 23.52 1.65 -3.60 0.98 1.90 
RXRB 24.01 1.87 -3.50 9.79 1.93 
SLC14A1 24.86 2.67 -3.10 0.99 2.10 
SLC16A1 20.57 -2.20 -3.70 0.99 1.86 
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Table 2.6 (continued) Quantitative PCR performance among the genes measured in ruminal 
epithelium tissue. 
 
Gene Median Ct1 
Median 
∆Ct2 Slope3 (R2)4 Efficiency6 
SLC16A3 27.08 4.60 -3.70 0.98 1.86 
SLC16A7 23.64 1.16 -2.80 0.99 2.28 
SLC25A4 22.47 0.15 -3.60 0.99 1.90 
SLC25A5 21.61 -0.86 -3.50 0.99 1.93 
SLC26A3 21.17 -1.36 -3.30 0.99 2.01 
SLC36A1 27.59 5.42 -2.90 0.99 2.21 
SLC4A2 25.76 3.21 -4.20 0.99 1.73 
SLC4A4 28.06 5.72 -3.30 0.99 2.01 
SLC9A2 21.50 -0.96 -3.10 0.99 2.10 
 
1 The median is calculated considering all time points and all calves. 
2 The median of ∆Ct is calculated as [Ct gene – geometrical mean of Ct internal controls] for each 
time point and each steer. 
3 Slope of the standard curve. 
4 R2 stands for the coefficient of determination of the standard curve. 
5 Efficiency is calculated as [10(-1 / Slope)]. 
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Ketogenesis 
Figure 2.1 Patters of mRNA expression of genes involve in intracellular activation of VFA prior 
to metabolism and ketogenesis in rumen epithelium tissue from Holstein calves at week 5 and 
week 10 fed high protein (dark bars) versus control diet (light bars). Symbols denote significant 
difference (P < 0.10) for interaction*, time#  and diet$ effect. Data were log-transformed prior to 
statistics and back-transformed for graphs. 
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Pyruvate metabolism and TCA cycle flux 
Figure 2.2  Patters of mRNA expression of genes involve in cholesterogenesis, propionate entry 
into TCA cycle, and pyruvate metabolism and TCA cycle flux in rumen epithelium tissue from 
Holstein calves at week 5 and week 10 fed high protein (dark bars) versus control diet (light 
bars). Symbols denote significant difference (P < 0.10) for interaction*, time#  and diet$ effect. 
Data were log-transformed prior to statistics and back-transformed for graphs. 
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Long chain fatty acid oxidation 
 
 
Figure 2.3 Patters of mRNA expression of genes involve in long chain fatty acid oxidation in 
rumen epithelium tissue from Holstein calves at week 5 and week 10 fed high protein (dark bars) 
versus control diet (light bars). Symbols denote significant difference (P < 0.10) for interaction*, 
time#  and diet$ effect. Data were log-transformed prior to statistics and back-transformed for 
graphs. 
 
 
 
 
 
 
 
 
 
 
 
  
 
91
5 10
R
el
at
iv
e 
m
R
N
A
 e
xp
re
ss
io
n
0.0
0.5
1.0
1.5
2.0
2.5
ENH
CON
PPARA
5 10
0.0
0.2
0.4
0.6
0.8
1.0
1.2 PPARD
5 10
0.0
0.2
0.4
0.6
0.8
1.0
1.2 RXRA
Time on treatment (week)
5 10
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6 RXRB
5 10
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4 ANGPTL4
#
#
 
Transcriptional regulation 
Figure 2.4 Patters of mRNA expression of genes involve in transcriptional regulation in rumen 
epithelium tissue from Holstein calves at week 5 and week 10 fed high protein (dark bars) versus 
control diet (light bars). Symbols denote significant difference (P < 0.10) for interaction*, time#  
and diet$ effect. Data were log-transformed prior to statistics and back-transformed for graphs. 
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Figure 2.5 Patters of mRNA expression of genes involve in insulin/IGF1 signaling pathways in 
rumen epithelium tissue from Holstein calves at week 5 and week 10 fed high protein (dark bars) 
versus control diet (light bars). Symbols denote significant difference (P < 0.10) for interaction*, 
time#  and diet$ effect. Data were log-transformed prior to statistics and back-transformed for 
graphs. 
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Figure 2.6 Top panel: geNorm results for the average expression ratio stability (M) of potential 
internal control genes (ICG) calculated via pairwise comparison. Bottom panel: determination of 
optimal ICG number for normalization. Y-axis = pairwise variation V (Vn/n + 1) between the 
normalization factors NFn andNFn+1; x-axis = comparison between the use of n or n + 1 genes 
to calculate the normalization factor. 
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Figure 2.7 Known interactions that determines co-regulation (i.e., common upstream regulation) 
among internal control genes (ICG) under investigation. Potential ICGs without known 
interactions are framed in a box and were used for subsequent analysis. 
 
 
 
. 
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CHAPTER III 
EFFECT OF PRE- AND POSTWEANING PLANE OF NUTRITION AND AGE ON 
BOVINE RUMINAL TISSUE EXPRESSION ASSOCIATED WITH ACID-BASE 
BALANCE, AND TRANSEPITHELIAL TRANSPORT 
A. Naeem*†, J. A. Stamey†, J. K. Drackley†§ and J. J. Loor†*§ 
University of Illinois, Urbana, IL. 
*Mammalian NutriPhysioGenomics, †Department of Animal Sciences, and §Division of 
Nutritional Sciences, University of Illinois, Urbana, IL 61801. 
 
 
INTRODUCTION 
   Short chain fatty acids (VFAs) are produced as results of fermentation of dietary 
carbohydrate and proteins in rumen of ruminants (Bodeker et al., 1992). SCFA production also 
increases with age mainly due to establishment of microbial production in rumen with the 
passage of time. Major SCFAs produced are acetate, propionate, and butyrate with molar 
concentration vary from 60 to 10mM with highest concentration of acetate (Gabel et al., 1991). 
Due to a serious drop in pH as a result of these VFAs production, a constant need is required to 
buffer the luminal content and intraepithelial cellular environment to prevent damaging 
functional epithelium (Bilk et al., 2005). As SCFA concentration produce in lumen largely 
depend on diet, expression and activity of the transporters that are involved in SCFA transport, 
H+ flux or bicarbonate transport across the epithelial cells may change in response to diet.  
The short chain fatty acid (SCFA) transport from lumen to blood highly depends on 
concentration gradient. In absence of concentration gradient the involvement of various carrier 
dependent transporter (Monocarboxylate Transporter: MCT) for transport of SCFA has been 
reported in ruminal epithelium (Graham et al., 2007).  Expression of these transporters is known 
to vary with intraluminal SCFA concentrations, age, and organ (Koho et al., 2005b). These 
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researchers found that higher expression of MCT1, MCT2, and MCT4 changes in rumen as 
compared to intestine while no expression of MCT4 was detected in liver. The change in 
expression might reflect the presence of VFA concentration due to different functioning of these 
organs (Koho et al., 2005).   
The uptake of SCFA through intra-luminal epithelial cells depends on H+ flux across the 
epithelial cell. This hydrogen flux is mainly regulated through NHE (Na+/H+ ion exchanger) for 
subsequent uptake of SCFA and their transport in blood (Graham et al., 2007). Graham et al. 
(2007) reported the expression of four isoforms of NHE in bovine rumen (NHE1, NHE2, NHE3, 
and NHE8). NHE1 and NHE3 have been found to be responsible for mediating major H+ flux. 
NHE1 protein was found to be associated with the apical membrane of the stratum granulosum 
and NHE2 was located inside cell of stratum basale, spinosum, and granulosum (Graham et al., 
2007). 
In addition to the regulation hydrogen flux, exchange of bicarbonate across epithelial 
cells play essential role to maintain intracellular pH (Ikuma et al., 2003). Large amount of 
bicarbonate is secreted in lumen through saliva or rumen wall. Export of bicarbonate from the 
rumen wall occurs through transporters (NBC1, AE2, DRA, and PAT1) in ruminal epithelium 
(Bilk et al., 2005). Anion exchanger 2 (AE2) are located in the basolateral membrane of 
gastrointestinal epithelial cells and are involved in bicarbonate secretion form epithelial cells. 
Down regulated in adenoma (DRA, SLC26A3) and putative anion transporter 1 (PAT1, 
SLC26A6) in the apical membrane of gastrointestinal epithelial cells (Ikuma et al., 2003). 
Na+/HCO3- co-transporter 1 (NBC1) found to be located in stratum basale imports the 
bicarbonate into the epithelia cell in response to low intracellular pH (Aschenbach et al., 2009, 
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Huhn et al., 2003). Figure 3.1 shows the major proteins involved in the maintaining pH and 
nutrient transport across ruminal epithelium. 
The sensitivity of these transporters in response to age, organ, and diet signifies their role 
in maintaining acid base balance of the ruminal epithelial cell as well as rumen itself. In this 
study we have evaluated gene expression of MCT1, MCT2, MCT4, NHE1, NHE3, SLC4A2, 
SLC4A4, SLC26A3, and SLC36A1 to evaluate the impact of dietary plane on their expression.  
 
OBJECTIVE 
The main objective of this study was to evaluate the effect of dietary changes on gene 
expression of transporter proteins responsible for maintaining intracellular pH. 
 
MATERIALS AND METHODS 
Please see project 1 for materials and methods. 
For this project, we examined the expression of several transporters: urea (SLC14A1), 
monocarboxylic acids (SLCA1, SLCA3, SLCA7), Na+/H+ exchanger (SLC9A2), chloride anion 
exchanger (SLC26A3), proton-coupled amino acid symporter (SLC36A1), ADP-ATP carrier 
protein (SLC25A4, SLC25A5), anion exchanger (SLC4A2), and Na+/HCO3- cotransporter 
(SLC4A4) and free fatty acid transporter including FFAR1 (GPR43), FFAR2 (GPR42), and 
FFAR3 (GPR41). Sequencing information, best blast hits, and primer information is provided in 
Tables 3.1, 3.2 and 3.3 respectively. The qPCR performance is given in Table 3.4. 
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RESULTS 
Among short chain fatty acid transporters, we evaluated the gene expression of 3 
monocarboxylate transporters; SLC16A3 (MCT1), SLC16A7 (MCT2) and SLC16A1 (MCT4) 
(Figure 3.3). Only SLC16A7 was observed to be effected significantly due to interaction of diet × 
time (P=0.02) namely due to greater expression at wk 5 in calves fed ENH (Figure 3.3). Among 
recently identified G-coupled protein receptors for short chain fatty acids we evaluated the 
expression of FFAR1 (GPR43), FFAR2 (GPR42), and FFAR3 (GPR41). Despite previous 
evidence of their expression, we were unable to detect expression of any of the above receptors 
in ruminal epithelial tissue. Data for these receptors is not reported here due to the very low 
abundance (Ct >30) but information for primers sequences is given in Table 3.3.  
The ruminal epithelium cells have to maintain intracellular pH for uptake of VFA. We 
evaluated mRNA expression of genes encoding for CA1, SLC9A2, SLC4A2, SLC26A3, 
SLC36A1, and SLC4A4 (Figure 3.2 and 3.4). Greater mRNA abundance (ca. 23.8%) (Appendix 
Table 2) and significantly higher expression (P=0.01) of CA1 was observed in ENH (Figure 3.4). 
We found an interaction effect of diet × time on expression of SLC9A2 (P=0.09) at wk 5 due to 
lower expression in ENH. The lower expression of SLC4A4 (P<0.01) and SLC36A1 (P=0.01) 
was observed at wk 5 due to ENH. Among nutrient transporter, we analyzed the expression of 
urea transporter U-TB (SLC14A1). Expression of SLC14A1 was higher at wk 10 than wk 5 
(time, P < 0.05) (Figure 3.3), which corresponded with the increase (time P = 0.01) in blood urea 
concentration (Chapter 1, Table 1.1).  
The mRNA expression of two mitochondrial proteins that link mitochondrial ATP 
production with cellular ATP consumption, i.e. the adenine nucleotide translocase SLC25A4 and 
SLC25A5 was also evaluated. We observed a significant diet × time effect (P = 0.04) for 
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SLC25A4 due to a marked decrease in expression between wk 5 and wk 10 due to ENH (Figure 
3.3).  
 
DISCUSSION 
Consumption of starter promotes rumen development by stimulating fermentation and the 
production of VFA. The effect of VFA concentration on VFA transport through carrier mediated 
monocarboxylate transporter (MCT) has been previously reported in rumen of reindeers (Koho et 
al. 2005). To evaluate the extent of effect of treatment with different degrees of fermentability on 
short chain fatty acid transport, we evaluated the gene expression of 3 monocarboxylate 
transporters; SLC16A3 (MCT1), SLC16A7 (MCT2) and SLC16A1 (MCT4). Only SLC16A7 was 
observed to be effected significantly due to interaction of diet × time namely due to greater 
expression at wk 5 in calves fed ENH. Higher expression of SLC16A7 which is known to be 
involved in VFA transport at low concentrations (Sepponen et al., 2003), may correspond to 
lower of VFA production in rumen in ENH diet as compared to control diet. Although we have 
not measured ruminal VFA concentrations, numerically higher concentration of total ruminal 
VFA in group of calves fed high protein diet (28% CP plus 15% fat) as compared to (20% CP 
plus 20% fat) MR with starter (20% CP plus 20% fat) at wk 4 has been observed in a previous 
study (Bridges, 2009). Greater expression of SLC16A3 and SLC16A1 in rumen in response to 
higher concentration of VFA has been reported previously (Koho et al., 2005). Total VFA 
concentration did not change as result feeding high protein milk replacer (28% CP, 20% fat) to 
neonatal calves for 8 wk period (Bridges, 2009). This might explain the reason that we observed 
no change in two major transporters in repose to diet (Graham et al., 2007, Koho et al., 2005).  
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Apart from the source of energy for ruminants, VFA have been reported to have role in 
insulin and glucagon secretion (DiCostanzo et al., 1999), ruminal epithelial development (Lane 
and Jesse, 1997) and feed intake regulation (Allen, 2000). These regulatory effects of SCFA may 
be carried out through G-coupled protein receptors mainly FFAR1 (GPR43), FFAR2 (GPR42), 
and FFAR3 (GPR41) that have been recently reported in rumen tissue (Wang et al., 2009). 
Therefore, we evaluated the expression of FFAR1 (GPR43), FFAR2 (GPR42), and FFAR3 
(GPR41). These are G-coupled protein receptors for short chain fatty acids. Expression of 
FFAR1 and FFAR3 was detected in ruminal tissue from Holstein bulls and in vitro evidence 
showed that VFA activated these receptors (Wang et al., 2009). Despite previous evidence of 
their expression, we were unable to detect expression of any of the above receptors in ruminal 
epithelial tissue.  
VFA produced as a result of fermentative activity of microbes may lead to drop 
intraluminal pH (Bilk et al., 2005). Buffering compounds have to be secreted into the lumen to 
maintain pH through saliva or rumen wall for subsequent absorption of VFA by ruminal 
epithelial cells (Gabel et al., 1991a, Gabel et al., 1991b). Ruminal epithelium cells have to 
maintain intracellular pH for uptake of VFA. Bicarbonate (HCO3-) and H+ produced within the 
ruminal epithelium as a result of hydration of CO2 and dehydration of bicarbonate by activity of 
carbonic anhydrase (CA) is by far the main mechanism in intracellular pH maintenance (Carter, 
1971, Wang et al., 1996b). In addition to CA1, secretion of HCO3- from ruminal epithelial cells 
plays a crucial role in maintaining intraluminal pH (Huhn et al., 2003), absorption of ammonia 
and VFA (Bodeker et al., 1992). Bilk et al. (2005) have demonstrated the mRNA expression of 
three proteins in ruminal epithelium formely named as AE2, PAT1, and DRA, known to be 
involved in HCO3- transport by RT-PCR. Besides buffering the intraluminal pH, HCO3- exports 
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also help against rise in intracellular pH that results due to proton extrusion by sodium-proton 
exchangers (NHE) (Muller et al., 2002).  
We evaluated mRNA expression of genes encoding for CA1, SLC9A2, SLC4A2, 
SLC26A3, SLC36A1, and SLC4A4. Greater mRNA abundance (ca. 23.8%) and significantly 
higher expression of CA1 in ENH suggested a role in transmucosal ammonia flux (Bodeker et 
al., 1992a) as more ammonia is generated due to ruminal degradation of dietary protein 
(Reynolds et al., 1991), high rates of ammonia absorption are required and these are dependent 
on proton source by conversion of HCO3- to CO2 as well as deprotonation of VFAs. We found an 
interaction effect of diet × time on expression of SLC9A2 at wk 5 due to lower expression in 
ENH, again indicating greater production of VFA in the control diet due to its higher 
fermentability. As the cytosol becomes acidified by VFA uptake, the NHE2 isoform of Na+/H+ 
exchanger helps maintain intracellular pH through H+ export (Graham et al., 2007).  
After intracellular acidification by VFA, it could be possible that greater SLC9A2 and 
SLC4A2 expression allow for proton export and bicarbonate import. The lower expression of 
SLC4A4 and SLC36A1 at wk 5 due to ENH was indicative of a lower need of bicarbonate 
secretion in the lumen from epithelial cells due to lower VFA production as compared to the 
control diet. SLC4A2 (Bilk et al., 2005, Ikuma et al., 2003) found in the basolateral membrane of 
rat distal colon epithelial cell (Ikuma et al., 2003) may be involved in bicarbonate secretion 
between the ruminal epithelium and the blood as shown in Figure 3.1. In addition to the well-
characterized role in pH regulation, CA1 is also involved in regulation of cell proliferation and 
differentiation (Kitade et al., 2002). No effect of feeding a concentrate/hay based diet or age on 
activity of CA in ruminal and abomasal epithelium form Holstein calves was found due to 
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feeding a concentrate/hay based diet or age (Kitade et al., 2002) might impose the effect of high 
protein diet on CA1 expression rather than ruminal SCFA concentration.  
Metabolism of urea in the rumen is of extreme importance in terms of supplying nitrogen 
for synthesis of microbial protein (Lapierre and Lobley, 2001). A gene for facilitative urea 
transport (SLC14A1) has been identified in bovine ruminal epithelium, formerly known as UT-B 
protein (Stewart et al., 2005). Immunolocalization studies by Stewart et al. (2005) showed the 
presence of SLC14A1 within the cell membrane of the stratum basale, spinosum and granulosum 
of the ruminal epithelium, suggesting a role in transport of urea from the blood into the rumen 
(Stewart et al., 2005). Expression of SLC14A1 was higher at wk 10 than wk 5, which 
corresponded with the increase in blood urea concentration. Although diet effects on mRNA and 
protein expression of SLC14A1 have been documented previously (Simmons et al., 2009) we did 
not find any differences due to plane of nutrition. Simmons et al. (2009) noted greater mRNA 
and protein expression of SLC14A1 in ruminal epithelium of steers fed a concentrate-based diet 
or silage-based diet with similar CP content (~13.4%) for 37 d. As stated previously, ruminal 
VFA concentration was not measured in our study but it has been argued (Simmons et al., 2009) 
that higher production of butyrate due to high–grain diets might also influence expression of 
SLC14A1. Despite the greater serum urea concentration in calves fed ENH at wk 5 and 10, 
differences in SLC14A1 between treatments were not statistically different (although they were 
numerically different at wk 5) due to large variation. As we argue above, differences in starter 
intake during the milk-fed period may have been associated with those numerical differences. 
The marked increase in SLC14A1 expression at wk 10 regardless of treatment may be indicative 
of a scavenging mechanism to secure more nitrogen as a means to enhance microbial growth and 
metabolism by facilitating direct passage of liver-derived urea from the blood to the lumen of the 
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rumen (Simmons et al., 2009). The mechanistic relationship between urea transporter expression 
and microbial N requirements will have to be studied in more detail in the future.  
 
SUMMARY AND CONCLUSIONS 
Pre-weaning dry matter intake did not induce significant changes in SCFA transporter; 
however, changes in expression of bicarbonate transporters and carbonic anhydrase were 
indicative of a change in inter-epithelial cellular environment. The three transporters NBC1, AE2, 
and PAT1 showed were significantly lower expression at week 10 as compared to week 5. In 
contrast, NHE2 activity was significantly higher at week 10 as compared to week 5. No effect of 
dietary treatment was observed on urea transporter; however expression of UTB was higher at 
week 10 as compared to week 5. One practical observation that could be proposed from our gene 
expression and blood measurements of N metabolism is that dietary treatments between wk 5 
and wk 10 were not sufficient to meet microbial needs, i.e. more urea-N had to be recycled back 
into the rumen. 
 
IMPLICATIONS 
Enhanced milk replacer and starter allowed for greater urea production that increased 
with time, however, no dietary regulation of genes expression was detected for urea transporter. 
The dietary changes slowed greater expression for genes associated with maintaining pH and 
intracellular bicarbonate. The composition of enhanced starter should be optimized to avoid 
excessive loss of dietary nitrogen.  
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TABLES 
 
Table 3.1 Sequencing and blast results of PCR products from primers of genes designed for this experiment. Best hits using BLASTN 
(http://www.ncbi.nlm.nih.gov) are shown.  
 
Gene Sequence 
SLC14A1 CGTTGTAGTCTCTCAGCTCGTGTAGATTCCTATAACCTAACATGCCTGAAAATACAGCAGGTGGGAAGCCTTACACACAAACAAAGG
CACAACCGGAGGCTTCTTTTC 
SLC16A1 GCACTCGTCACCAATATTCTATGTGGCCTGGGTGATCCTACCAGGTGGGTGCCTCAGGTGCAAATACCTGGACATTTCTGTGGGAATCA
TATGAA 
SLC16A3 AGACAGACGTGGGCGGGGCCTTCGGGCCCGTGCGCCGGGCGTGCCGGGGGCAGGTGGGAATCATCCACCCGATCAGGTGTTTTTACGA
SLC16A7 GGTGCGTCTCCCTCTCATAGAGATCCAACGCTAGTAGAGCCTTTACCTTCCACCAAGTGGGATTAATTTGCCGGTTTAGGGTCCTGGAC
SLC25A4 CCTTCTTTCCGTCCGTCCTAGCAGGCCGACGGTGGGCAAGCCTGGAGCCTGAAAGGGAATTCCAGAAGGCCCTCCGCGGTGACCA 
SLC25A5 CCTGGGATAAGAGATCCGtGGGGGGACgTAACCCAGATTGTAAAGGAATACCTCCAGAAGGGGGGGGGAA 
SLC26A3 GACTCATGAACTGCATTTCCTACAATAGAGAAGAACTAATATTGCAGAACCTTGTGACATCCTTGGTTATCCTGGGAA 
SLC36A1 GGCTCGTGGATCGTGGGTCACGTGCATTTTGGGAGCTACATCCAGGGCAGCATAACTCTCAACCTGCCCAACATGGTAAA 
SLC4A2 GCTATGCGTACTCTGGAATGGATCAGTTCTATGAGCGGCTGCACCTGCTGCTCATGCCGCCCAAACACCACCCGGACGTCACCTAC 
GTCAAGAAGGGTCCGGGATG 
SLC4A4 GAATAAGACGCAGGGTTGAGAAGAAGAAATGTGAGCAACCCCCACGGTGGCCACCTTGTGTCCCTTCACAGCTTATTTGAAAG 
SLC9A2 GCATGACTATCTGTGTTCGGTGGGAATCGGGGTGGGGGTGCCTGGATCGGGCATCTTCCTGGGCTTTATAGCGGCGTTTACCAAAA 
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Table 3.2 Sequencing results of genes using BLASTN from NCBI against nucleotide collection (nr / nt) with total score. 
 
Gene Best hits Score 
SLC14A1 Bos taurus solute carrier family 14 (urea transporter), member 1 (Kidd blood group) (SLC14A1), mRNA  99 
SLC16A1 Bos taurus solute carrier family 16, member 1 (monocarboxylic acid transporter 1) (SLC16A1), mRNA  75.2 
SLC16A3 Bos taurus solute carrier family 16, member 3 (monocarboxylic acid transporter 4) (SLC16A3), mRNA 50 
SLC16A7 Bos taurus SLC16A7 mRNA for monocarboxylate transporter 2, partial cds 48.2 
SLC25A4 Bos taurus solute carrier family 25 (mitochondrial carrier; adenine nucleotide translocator), member 4, mRNA  39.2 
SLC25A5 Bos taurus solute carrier family 25 (mitochondrial carrier; adenine nucleotide translocator), member 5, mRNA 50 
SLC26A3 Bos taurus solute carrier family 26, member 3 (SLC26A3), mRNA >gb|BC134586.1| 78.8 
SLC36A1 PREDICTED: Bos taurus similar to solute carrier family 36 member 1 (SLC36A1), mRNA 80.6 
SLC4A2 PREDICTED: Bos taurus solute carrier family 4, anion exchanger, member 2 (erythrocyte membrane protein band 
3-like 1) (SLC4A2), mRNA  
136 
SLC4A4 Bos taurus solute carrier family 4, sodium bicarbonate cotransporter, member 4 (SLC4A4), mRNA te cds 66.2 
SLC9A2 PREDICTED: Bos taurus similar to solute carrier family 9 (sodium/hydrogen exchanger), member, partial mRNA 68 
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Table 3.3 Gene ID, GenBank accession number, hybridization position, sequence and amplicon 
size of primers for Bos taurus used to analyze gene expression by qPCR.  
 
Gene 
ID 
Accession 
# 
Gene Primers1 Primers (5’-3’)2 bp3 
493988 NM_001008666.1 SLC14A1 F.2373 GATAAAGAAGCCTCCGGTTGTG 95 
SLC14A1 R.2467 AAGCTTCCCACTGCTGTATTCAG 
505775 NM_001037319.1 SLC16A1 F.1701 CCTGTGGGACTGAAGGGTAAAT 110
SLC16A1 R.1813 ATGATTCCCACAGAAATGTCCAGTAT 
510085 NM_001109980.1 SLC16A3 F.1620 GTCAACGCTCGTATTTATTTCACAA 101
SLC16A3 R.1720 AAAACACTGATCGGGTGATGATC 
614573 NM_001083636.1 SLC16A7 F.565 AGGAGGTTTGTTATGCTGTTTGG 101
SLC16A7 R.664 CAGACCTAAACCGCAAATTAATCC 
282478 BC102994.1 SLC25A4 F.939 GATCCATTGTGTGGTTTAATAGACTCTT 95 
SLC25A4 R.1033 TCCCCCCTCTGAGGTATTCC 
282479 BC102950.1 SLC25A5 F.376 GCCACTTCCCTGTGTTTCGT 105
SLC25A5 R.480 GTCACCGAGGCCTCTGAATTC 
512856 XM_596959.3 SLC26A3 F.857 CACACCGATCCATTTTCACTTTT 100
SLC26A3 R.974 CCAGGATAACCAAGGATGTCACA 
518759 AB436382.1 SLC36A1 F.888 GGCTATCGTCACTGCCCTCTA 100
SLC36A1 R.987 ACAGTTGGGCAGGTTGAGAGTT 
404084 NM_001034401.1 SLC4A2 F.3340 GCTGTGCTCTTCGGGATTTTC 132
SLC4A2 R.3471 CCGGACCTTCTTGACGTAGGT 
282360 XM_001788699.1 SLC4A4 F.380 AGACGGCGAGGTGGATTAAGTT 100
SLC4A4 R.479 TCAAATAAGCTGTGAAGGGACAAG 
790409 NM_182652.1 SLC9A2 F.1705 GAGACCGTTGACGTGTTTGCT 100
SLC9A2 R.1804 TGGTAAACGCCGCTATAAAGC 
1 Primer direction (F – forward; R – reverse) and hybridization position on the sequence. 
2 Amplicon size in base pair (bp). 
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Table 3.4 Quantitative PCR performance among the genes measured in ruminal epithelium 
tissue. 
 
Gene Median Ct1 Median ∆Ct2 Slope3 (R2)4 Efficiency6 
SLC14A1 24.86335 2.6745 -3.7 0.99 1.863246312 
SLC16A1 20.5740 -1.8206 -3.7 0.99 1.863246312 
SLC16A3 27.0752 4.6037 -4.6 0.98 1.649648074 
SLC16A7 23.6399 1.1602 -2.8 0.98 2.275845926 
SLC25A4 22.4689 0.1460 -4.6 0.96 1.649648074 
SLC25A5 21.6065 -0.8556 -4.6 0.96 1.649648074 
SLC26A3 21.1681 -1.3581 -3.9 0.99 1.804721767 
SLC36A1 27.5896 5.4167 -3.5 0.99 1.930697729 
SLC4A2 25.7634 3.2144 -4.2 0.99 1.730195739 
1 The median is calculated considering all time points and all calves. 
2 The median of ∆Ct is calculated as [Ct gene – geometrical mean of Ct internal controls] 
  for each time point and each steer. 
3 Slope of the standard curve. 
4 R2 stands for the coefficient of determination of the standard curve. 
5 Efficiency is calculated as [10(-1 / Slope)]. 
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FIGURES 
 
 
 
Figure 3.1 A proposed model showing the proteins localization and their putative functions in 
trans-epithelial transport. Monocarboxylate transporter (MCT) isoforms are involved in the 
uptake and extrusion of short-chain fatty acids (Kirat et al 2007; Muller et al., 2002). Sodium 
hydrogen exchanger 1 (NHE) is mainly responsible for proton extrusion to maintain intracellular 
proton level (Graham et al., 2007). DRA, PAT1, and NBC1 transport bicarbonate form blood 
side to rumen lumen (Bilk et al., 2005). Urea transporter B (UTB) expression and localization in 
the ruminant gastrointestinal epithelium involved urea transport inside rumen lumen (Stewart et 
al., 2005). MCT1 (monocarboxylate transporter 1); MCT2 (moncarboxylate transporter 2); 
MCT4 (moncarboxylate transporter 4); NHE (Na+/H+ exchanger 1); AE2 (anion exchanger 2); 
DRA (down- regulated in adenoma); NBC1 (Na+/HCO3-cotransporter 1); PAT1 (putative anion 
transporter) 
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Figure 3.2 Patters of mRNA expression of genes associated with sodium bicarbonate transport 
and intracellular pH maintenance in rumen epithelium tissue from Holstein calves at week 5 and 
week 10 fed high protein (dark bars) versus control diet (light bars). Symbols denote significant 
difference (P < 0.10) for interaction*, time#  and diet$ effect. Data were log-transformed prior to 
statistics and back-transformed for graphs. 
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Figure 3.3 Patters of mRNA expression of genes associated with transepithelial transport 
(Monocarboxylate transporters), mitochondrial ATP/ADP translocation, and urea transport in 
rumen epithelium tissue from Holstein calves at week 5 and week 10 fed high protein (dark bars) 
versus control diet (light bars). Symbols denote significant difference (P < 0.10) for interaction*, 
time#  and diet$ effect. Data were log-transformed prior to statistics and back-transformed for 
graph 
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Figure 3.4 Patters of mRNA expression of genes associated with intracellular acid base balance 
in rumen epithelium tissue from Holstein calves at week 5 and week 10 fed high protein (dark 
bars) versus control diet (light bars). Symbols denote significant difference (P < 0.10) for 
interaction*, time#  and diet$ effect. Data were log-transformed prior to statistics and back-
transformed for graphs. 
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CHAPTER IV 
 
RUMINAL EPITHELIAL TRANSCRIPT PROFILES AFFECTED BY FEEDING HIGH-
PROTEIN MILK REPLACER FOLLOWED BY HIGH-PROTEIN STARTER IN 
HOLSTEIN BULL CALVES 
A. Naeem*, J. K. Drackley,*† J. Stamey,* and J. J. Loor*†§ 
 
*Mammalian NutriPhysioGenomics, †Department of Animal Sciences, and §Division of 
Nutritional Sciences, University of Illinois, Urbana, IL 61801. 
 
 
INTRODUCTION 
 The process of transition around weaning in calves is as critical as the transition phase 
around calving. Much emphasis is being given on the management and feeding practice during 
the transition phase to ensure beneficial levels on future lactation and productivity. A successful 
transition around weaning depends highly on proper metabolic and functional development of 
the rumen. The rumen does have an inherent ability to develop volumetrically, but it is the 
nature of the diet fed to the animal that is the most critical for metabolic development of the 
ruminal tissue. The key to rumen development is the volatile fatty acids (VFA) produced by the 
type of substrates and conditions of the fermentation.  
The transition from pre-ruminant to ruminant is not instantaneous; adult volatile fatty 
acid (VFA) and amino acid profiles produced as a result of feed fermentation develop over at 
least a week post weaning (Quigley et al., 1985). The ruminal epithelial development and 
peripheral tissue ability to metabolize ketones takes 3-5 weeks (Warner, 1991). According to 
Warner (1991), characteristics of an adult (developed) rumen include: ability to subsist solely 
on forage/grain, microbial activity, volume, papillary development, and nutrient absorption by 
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the rumen wall (Quigley et al., 1985). Successful weaning depends on metabolic and functional 
development of the rumen. 
The effect of diet on gene expression, protein expression, and activity of enzymes 
involved in different metabolic and regulatory pathways in ruminal epithelium have been 
reported (Lane et al., 2002, Shen et al., 2004, Simmons et al., 2009). In these studies, different 
diets markedly improved rumen development by increasing papillary growth, size, or number or 
reticulo-rumen weight, keratinization, or higher rate of cellular proliferation. However, the 
underlying molecular mechanisms and factors that initiate and promote rumen development still 
need to be investigated. Microarray technology provides an integrated approach to understand 
the molecular mechanisms that aids faster and efficient reticulo-rumen development.  
Knowledge of feed formulation for dairy nutrition has improved over the last 25 years. 
Crude protein and net energy requirements by growing animals are best met by utilizing crude 
protein without wasting nitrogen in the environment and has been investigated. Reevaluation of 
NRC (1989) for dairy nutrition was based on its inadequate representation of protein and energy 
requirement for calves and unable to predict growth in field. Research at University of Illinois 
has confirmed the relationship between protein and energy intake and body composition and 
growth performance of growing calves. With the growth of the animal, major changes occur in 
GIT development, size and its function being reticulo-rumen of foremost importance. In 
response to functional development of the rumen, magnificent changes occur in nutrient supply 
and flow to intestine, liver, and blood (Drackley et al., 2006). Taking into account the improved 
performance of calves with underlying genetic changes associated with rumen development can 
help identifying genetic markers. 
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Research is now being focused on identification of critical proteins or genes and their role 
in physiological functions and to elucidate their impact on overall growth of an animal. 
However, the critical need is to study the whole animal metabolism, dietary regulation and 
intake, and animal performance in an integrated way to improve production system. Researchers 
have been trying to explore the genes and their functions involved in normal physiology or 
development. For instance, Penner et al. (2009) have tried to explore the dietary relationship with 
expression of genes involved in ketogenesis, pyruvate metabolism, and SCFA transporters across 
epithelium by using qualitative real-time PCR. Effects of dietary changes on SCFA transporters 
and urea transporters in ruminal epithelium have been reported previously (Koho et al., 2005, 
Simmons et al., 2009). For functional ruminal epithelium cells intracellular pH maintenance in 
response to cellular and luminal SCFA and H+ concentration through regulation of exchangers is 
also crucial (Graham et al., 2007, Muller et al., 2002). In addition, certain transporters for sodium 
bicarbonate exchangers have been reported for intraluminal pH maintenance (Bilk et al., 2005, 
Huhn et al., 2003). Cellular proliferation and growth of ruminal papillae in response to high 
energy and protein diet with particular interest in local IGF1 and IGF1R expression has been 
studied by (Shen et al., 2004). A comprehensive review of the known changes in gene and 
protein expression in GIT in response to different diets has been reported recently (Connor et al., 
2010). This study provides a broad range of differences that occur in transcriptomics of ruminal 
epithelium in response to protein and energy intake. It can help in identifying the changes in 
gene expression that might have allowed the improved rumen development found in study by 
(Stamey, 2008). 
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OBJECTIVE 
The main objective of this study was to characterize the large-scale gene expression 
patterns in ruminal epithelial of Holstein calves in response to an enhanced early nutritional 
program. 
 
MATERIALS AND METHODS 
All procedures involving animals received approval from the University of Illinois 
Institutional Animal Care and Use Committee (protocol #04151).  
 
Animals and sampling and RNA isolation  
Please see chapter 1 
 
Microarrays procedure 
An annotated bovine oligonucleotide microarray containing >10,000 unique elements 
were used in this study (Loor et al., 2007). The cDNA was obtained by RT-PCR in a 30 μL 
reaction adding 10 µg RNA, 2 µL of random hexamer primers (3 mg/ml; Invitrogen Corp., CA) 
and 1 µg oligo dT18 (Operon Biotechnologies, AL), and DNase-RNase-free water to a volume 
of 17.78 μL. The mixture was incubated at 65°C for 5 min and kept on ice for 3 min. To the 
mixture 12.2 µL solution composed of 6 µL 5X First-Strand Buffer, 3 µL 0.1 M DTT, 0.6 µL 
100 mMdNTP mix (Invitrogen Corp., CA), 0.12 μL of 50 mM 5-(3-aminoallyl)-dUTP (Ambion, 
CA), 2 µL (100 U) of SuperScriptTM III RT (Invitrogen Corp., CA), and 0.5 µL of RNase 
Inhibitor (Promega, WI) was added. The reaction was performed at 23°C for 1 min and 46°C for 
9 h. The cDNA obtained was then treated with 10 µL 1M NaOH, and incubated for 15 min at 
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65°C to remove residual RNA. The solution was neutralized by adding 10 µL 1M HCl. The 
unincorporated 5-(3-aminoallyl)-dUTP and free amines were removed using a Qiagen PCR 
Purification Kit (Qiagen, Germany). Clean cDNA was dried and resuspended in 4.5 µL 0.1 M 
Na2CO3 buffer (pH 9.0) and 4.5 µL of AmershamCyDye™ fluorescent dyes diluted in 60 µL of 
DMSO (Cy3 or Cy5; GE Healthcare, USA). Binding of Cy dyes with 5-(3-aminoallyl)-dUTP 
incorporated into cDNA was obtained by incubation at room temperature for 1 h. The unbound 
dyes are removed using a Qiagen PCR Purification Kit (Qiagen, Germany) and clean labelled 
cDNA was measured by means of a NanoDrop ND-1000 spectrophotometer 
(www.nanodrop.com). Sample and reference were then vacuum-dried in the dark. 
 
Hybridizations 
Hybridizations were performed in a dye-swap reference design. The reference was 
prepared by pooling RNA from bovine muscle, liver, and adipose tissues already available in our 
tissue bank.  Prior to hybridization, slides were re-hydrated, placed in an UV cross-linker, 
washed with 0.2% SDS solution, thoroughly rinsed with purified water to remove un-bound 
oligonucleotide, and pre-hybridized using a solution containing 1% albumin, 5 × SCC, and 0.1% 
SDS at 42 C° for ≥ 45 min with the aim of decreasing background. After pre-hybridization, 
slides were rinsed with abundant purified water and immersed in isopropanol for ~10s and spin-
dried. Dried slides were immediately hybridized in a dye-swap-reference design (i.e. each 
sample is labeled twice with each of the two dyes and hybridized in each slide with the reference 
labeled with the opposite dye). Labeled cDNA of the sample was re-hydrated with 80µL of 
hybridization buffer #1 (Ambion) and mixed thoroughly. This solution was used to re-suspend 
the reference sample labeled with the opposite dye and mixed thoroughly in order to obtain a 
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homogenous solution of the two-labeled cDNA. Before hybridization, the labeled cDNA 
resuspension of the sample + reference was incubated at 90-95C for ca. 3 min to allow for 
cDNA denaturation to increase the efficiency of binding of oligos onto the slide. 
Hybridizations were carried out using humidified slide chambers (Corning) with cover slips 
(LifterSlip, Thermo Scientific) at 42 C° for ca. 40 hours in the dark. After hybridization, slides 
were removed from the chamber and washed for 5 min by agitation 3 times with wash buffers in 
the following order: 1×SSC and 0.2% SDS solution preheated at 42°C, 0.1× SSC and 0.2% SDS, 
solution, and 0.1× SSC solution. Lastly, slides were spin-dried and inserted into a 50 mL tube 
prior to gassing with Argon to preserve dye from bleaching. Arrays were scanned with a 
ScanArray 4000 (GSI-Lumonics, Billerica, MA) dual-laser confocal scanner and images 
processed and edited using GenePix 6.0 (Axon Instruments). Array quality was assessed using an 
in-house parser written in Perl language as previously described (Loor et al., 2007). Spots on the 
slide are considered “good” if the median intensity was ≥3standard deviation above median 
background for each channel (i.e., dye). Spots are flagged “present” when both dyes pass the 
criteria, “marginal” if only one dye passes the criteria, or “absent” when both dyes fail to pass 
the criteria. Statistical analysis was conducted on oligos that are flagged as “present” and 
“marginal”. 
 
Data mining  
Data from a total of 42 microarrays were normalized for dye and microarray effects (i.e., 
Lowess normalization and microarray centering) and used for statistical analysis. Data were 
analyzed using the Proc MIXED procedure of SAS (SAS, SAS Inst. Inc., Cary, NC). Fixed 
effects were diets (control, ENH) week (10, 5) and dye (Cy3, Cy5). Random effects included 
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cow and microarray. Raw P values were adjusted using Benjamini and Hochberg’s false 
discovery rate (FDR) (Reiner et al., 2003). Differences in relative expression due to diet or 
treatment were considered significant at an FDR-adjusted P <0.20 or at P<0.15. A computational 
analysis was done by using a recently developed approach and online databases. 
 
Dynamic impact approach (DIA) 
A recently developed bioinformatics approach termed Dynamic impact approach (DIA) 
was used for computational analysis of the microarray data using the information from freely 
available databases (M. Bionaz, P. Kathiravan, S. L. Rodriguez-Zas, R. E. Everts, H. A. Lewin, 
W. L. Hurley, and J. J. Loor, unpublished). The Dynamic Impact Approach (DIA) reveals 
information about most affected gene ontology terms by the experimental conditions given in a 
database.  In addition, the direction of pathways (i.e., inhibition/ decrease or induction/increased) 
was evaluated based on number of up and down regulated DEGs involved in a pathway. The 
DIA was implemented using MS Excel and its formulae functions using the FDR, P value and 
fold change associated with biological terms obtained from different databases. Subsequently, 
the entire microarray data set with associated statistical P-values were imported into the 
Database for Annotation, Visualization and Integrated Discovery (DAVID v6.7) and Kyoto 
Encyclopedia of Genes and Genomes (KEGG) software in order to obtain significant gene 
ontology (GO) terms in different categories (Molecular functions, biological pathways and 
cellular components).  
Dynamic impact approach (DIA) is based on the fact that cellular gene expression 
follows a systematic pattern in response to variation cellular protein. Thus, alterations in 
expression of proteins in a metabolic or signaling pathway determine the flux of the respective 
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pathway. The extent of the impact on a pathway is directly depicted by number of affected 
proteins by a particular treatment. The cumulative flux of pathways is determined by total 
number of upregulated and down regulated proteins involved in a pathways. If the ratio of up-
regulated/down-regulated = 1, the flux can be taken as overall unchanged, regardless of the fact 
that the treatment had a large impact on the pathway (Morandini, 2009). In short, a specific 
treatment impacts a pathway (or any biological term) in proportion to the number, magnitude, 
and significance of proteins involved in that pathway. In this experiment, only gene expression 
was measured and we assumed that gene expression is proportional to protein expression 
although it has been shown previously that the correlation between mRNA and protein is highly 
variable between types of mRNA (Gygi et al., 1999, Schwanhausser et al., 2011). The impact 
and the direction of the impact (flux) are calculated as: 
Impact = [Proportion of DEG in the pathway (corrected by the number of genes in the pathway 
present in the array or background)] × [average log2 fold change of the DEG] × [average of –log 
P-value of the DEG] 
Direction of the Impact = Impact of up-regulated DEG – Impact of down-regulated DEG 
A brief procedure regarding the data import and further analysis in KEGG and DAID is provided 
below. 
 
Kyoto Encyclopedia of Genes and Genomes (KEGG) 
The data were downloaded from KEGG database http://www.genome.jp/kegg/download/. 
Information for all the pathways available for each Gene ID in Bos taurus species from KEGG 
website. Total number of molecules for each pathway in the whole genome and in our array was 
calculated. Categories, sub-categories and pathway names under each category/sub-category, 
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were downloaded with their path IDs. There are six major categories viz. Metabolism, Genetic 
information processing, Environmental information processing, Cellular processes, Organismal 
systems, and Human diseases given in the database.  
All the microarray data were copied with oligo ID, Entrez gene ID, fold change, FDR and 
p-value of all comparisons and pasted in a new Excel file. Fold change was used in the form of 
ratios, i.e., the values of all up-regulated genes would be above 1, and the values of all down-
regulated genes would be less than 1. The data were sorted on the basis of FDR, all the oligos 
above FDR = 0.21 were removed from the working file. The FDR column was removed from the 
sheet. Finally, the sheet with differentially expressed genes (DEG) in the following order was 
prepared. Column 1 - Oligo ID; Column 2 - Entrez gene ID, Column 3 - Fold change of 
comparison1, Column 4 - P value of Comparison 1, Column 5 - Fold change of comparison2, 
Column 6 - P value of Comparison 2, etc. DEGs with their P value and fold change value were 
annotated to the corresponding Entrez gene IDs and their path IDs from the already prepared 
(explained above) file KEGG FTP-GENE IDs. Fold change and P value data was log 
transformed (Fold change was transformed to log 2FC while P value was transformed to –
log10Pval) to avoid the bias arising out of original values while calculating IMPACT and FLUX.  
A percentage number of molecules in each pathway (Number of DEG in pathway / total 
number of molecules in a pathway), average fold change of DEGs, average p value of DEGs up 
and down regulated for each comparison was calculated. Next, percentage representation by 
array in the total genome was calculated by taking the percentage of molecules in a pathway 
present on our array as compared to the total number of molecules in that pathway in the 
genome. After adding the percentage representation of each pathway in our array impact and flux 
was calculated for only those pathways, which were represented by at least 30% in our array.  
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The Impact refers to the absolute perturbation in a biological process (i.e., overall dynamics 
within a term/pathway). It gives the magnitude of changes that occur (due to treatment) within a 
pathway/function in either direction weighted by the percent DEGs that hit the term/pathway. 
The flux refers to the overall direction in which a term/pathway is impacted after a particular 
treatment. The formulas to calculate of impact and flux are given above below. The length of the 
bars were selected to depict magnitude of the impact and intensity of colors (range from dark 
green from highly down regulated to dark red most highly up-regulated) was used to show up or 
down regulation of pathway /terms.  
 
Database for Annotation, Visualization, and Integrated Discovery (DAVID) v6. 7 
 A list of differentially expressed genes with their Entrez gene IDs was prepared as an 
input file. The format of the gene list to be uploaded is either one gene ID per line or a list of 
comma-delimited gene IDs in one line. The functional annotation tool was used for current 
analysis. This tool provides typical batch annotation and gene-GO term enrichment analysis to 
highlight the most relevant GO terms associated with a given gene list. The new version gives 
extended annotation content coverage, increasing from only GO in the original version of 
DAVID to currently over 40 annotation categories, including GO terms, protein-protein 
interactions, protein functional domains, disease associations, bio-pathways, sequence general 
features, homologies, gene functional summaries, gene tissue expressions, literatures, etc. A list 
of DEGs and background gene list (Bos torus) was uploaded on 
http://david.abcc.ncifcrf.gov/summary.jsp and Entrez gene IDs were selected as gene identifiers. 
 On functional annotation summary, all the annotation terms were checked before 
proceeding. For each GO-TERM it provides number and percentage of DEGs associated with 
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that term. Also single chart report allows a quick look on the impact on an annotation category. 
Next function annotation chart was clicked for every comparison; chart report provides an 
annotation term focused view for a particular annotation term and their associated genes under 
study. Ease score (a modified Fischer exact test) and count threshold hold was adjusted to value 
of 1 to get maximum benefit out. The data was downloaded in Microsoft excel for each 
compassion and further analysis. Impact and flux were calculated for each annotation term as 
described in KEGG.   
 
RESULTS 
To examine the expression of genes in response to dietary plane of nutrition, we 
performed microarray analysis of total RNA. Repeated-measures of ANOVA at a cutoff FDR P 
value <0.20 and P value <0.15 resulted in a total of 80 differentially expressed genes (DEGs) due 
to interaction (time × diet) at wk 5 and 53 at wk 10 (Table 4.1). With the same cut off values, 
264 genes were expressed differentially due to treatment, out of them 209 were annotated (Table 
1). A complete list of DEGs for interaction and treatment is shown in supplementary File 1. Total 
number of genes up and down regulated due to treatment or interaction is shown in Table 4.1. 
For computational analysis using the KEGG database we used pathways that were 
adequately represented in our bovine microarray. Pathways that were represented >30 % (genes 
in pathways of whole bovine genome in array/gene in pathways whole bovine genome) were 
considered as an adequately represented pathway. In KEGG analysis, 195 out of a total 210 
pathways in KEGG were adequately represented in our array. In order to analyze the data 
thoroughly, four comparisons including both time and diet effect were made separately. Within 
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diet effect: week 5, Enhance vs. Control; week 10 Enhanced vs. control and within time includes; 
Enhance, week 10 vs. week 5 and Control week 10 vs. week 5.  
A summary of results from KEGG analysis is shown in table 2. Overall, a strong 
induction of most of the pathways was seen due to time in ENH (ENH; 10 vs. 5) while most of 
the pathways were inhibited or very slightly induced in control group at wk 10 (CON; 10 vs. 5). 
A higher overall impact was observed at wk 5 due to ENH in all KEGG pathways. However, 
only energy metabolism was induced in “metabolism” due to ENH at wk 5 while the rest of the 
pathways were inhibited or exhibited no change in flux (5 ENH vs. CON). Comparatively, a 
minor impact and no change in flux were seen due to diet at wk 10 (10, ENH vs. CON) or due to 
time in control treatment (CON; 10 vs. 5).  
In Table 4.3, detailed metabolic pathways for all macromolecules including carbohydrate, 
lipid, amino acid, and energy metabolism are shown. In metabolism, except for “glyoxylate and 
dicarboxylate metabolism”, all “carbohydrate metabolism” pathways were induced at wk 10 in 
ENH group (ENH; 10 vs. 5). However, all carbohydrate metabolism pathways were inhibited or 
exhibited no change in flux at wk 5 due to ENH (5; ENH vs. CON). The “nitrogen metabolism” 
was strongly induced at wk 5 due to ENH while oxidative phosphorylation was inhibited (5; 
ENH vs. CON). “Linoleic and alpha lenolenic acid metabolism” in lipid metabolism was induced 
due to ENH at wk 5 (5; ENH vs. CON). In “amino acid metabolism”, lysine, cysteine, and 
methionine metabolism was strong induced due to time in ENH. Only “Lysine degradation and 
histidine metabolism” were induced pathways at wk 5 due to ENH. “Glycan metabolism” related 
pathways were strongly inhibited at wk 5 due to ENH (5; ENH vs. CON). In contrast, all glycan 
metabolism related pathways were strongly induced in enhance group at wk 10 (ENH; 10 vs. 5).   
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Table 4.4 reports the pathways associated with “genetic information” pathways and 
“environmental information processing”. The “Basal transcription factors” were strongly induced 
due to time in ENH. The pathway related to sorting degradation and folding was strongly or 
moderately induced in ENH due to time. In cell signaling cascade most of the signaling pathways 
were strongly or moderately induced due to time effect in ENH (ENH; 10 vs. 5) except notch and 
JAK/STAT signaling pathways. Except for mTOR signaling and VEGF signaling, all pathways 
were inhibited or tended towards inhibition in ENH due to wk 5 (5; ENH vs. CON).  
Furthermore, ECM receptor interaction and cell adhesion molecules were strongly induced due 
to week in ENH (ENH, 10 vs. 5) while an inhibition was observed at wk 5 due to ENH (5; ENH 
vs. CON). 
All “cellular processes” and “organismal system related” pathways are shown in Table 
4.5. All comparison showed similar behaviors and all the pathways fall under the above 
category. A strong induction was observed in all pathways related to “transport and catabolism” 
“cell growth and death”, “cell communication”, “immune system” and “endocrine related 
pathways” due to time in ENH group except for antigen processing and presentation and PPAR 
signaling (ENH; 10 vs. 5). An overall inhibition was seen for all these pathways at wk 5 due to 
ENH (5; ENH vs. CON). 
In DAVID analysis, although the analysis was performed for all the 28 categories in 
DAVID only selected categories are shown in this report (Supplementary File 1). The four main 
categories including Chromosome, Biological Process (GOTERM_BP1, BP_FAT), Molecular 
Function (GOTERM_MF_1, MF_FAT), and Cellular Component (GOTERM_CC_1, CC_FAT) 
are shown in Table 4.6, 4.7, 4.8, and 4.9, respectively. The Biological Processes (BP) includes 
broad biological goals, such as mitosis or purine metabolism, that are accomplished by ordered 
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assemblies of molecular functions. The Molecular Function (MF) describes the tasks performed 
by individual gene products; examples are transcription factor and DNA helicase. The Cellular 
Component (CC) classification type involves subcellular structures, locations, and 
macromolecular complexes; examples include nucleus, telomere, and origin recognition 
complex. After choosing a classification type, levels that determine list coverage and specificity 
are chosen by selecting the appropriate radio button. Level 1 provides the highest list coverage 
with the least amount of term specificity. Coverage of DEGs decreases with each increasing 
level. With each increasing level and specificity increases so that level 5 provides the least 
amount of coverage with the highest term specificity. While Gene ontology terms from 
GOTERM_FAT (MF_FAT, CC_FAT, BP_FAT) that summarizes all the categories at the 
different level of hierarchies are showed here (Table 4.7, 4.8, 4.9) above mean ± 3 standard 
deviation. The data are displayed as a bar chart (impact), where the length of the bar represents 
the number of gene identifiers in each category.  
Briefly, in biological processes “biological adhesion” was highly impacted in BP_1 
(Table 4.7). However in BP_FAT formate, urea and amide transport was highly impacted in all 
comparisons (Table 4.7). In addition protein modification related terms was observed among 
highly impact categories in biological processed (Table 4.7). “Pyruvate dehydrogenase activity”, 
“cAMP dependent protein kinase activity”, “insulin receptor activity and insulin binding” was 
down regulated at wk 10. “Molecular structural activity” and “transporter activity” was highly 
impacted in molecular functions (Table 4.8). In MF_all, “glucoseamine N sulfo transferase 
activity”, “lipoprotein ligase activity”, “carnitine O ocatnoyl-transferase activity”, “urea 
transmembrane transporter activity”, “amide transporter activity”, “adenylate sulfate kinase” 
activity was up-regulated at wk 10. In cellular components (CC), “macromolecule complexes” 
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were highly impacted that includes “telomere cap complex”, “chaperonin containing T complex” 
and “Mre11 complex” (Table 4.9). In cellular components, GOTERMS related to cell skeleton 
were up regulated while insulin receptor complex formation was down regulated at wk 10. 
The investigation of impact of DEG on chromosomes can be important to identify region 
of chromosomes that can help in genetic selection and identification of genes in quantitative 
traits loci (QTL) regions. The impact and the direction of the impact (flux) of the DEG on 
bovine chromosome are reported in Table 4.6. The most impacted chromosomes in this 
comparison and were 20 and 24. These chromosomes were highly impacted with an overall 
decrease in transcription in ENH vs. CON at week 5 but overall increase in transcription in 10 
vs. 5 with ENH.  
 
DISCUSSION 
The data reported here are the first characterizing gene expression patterns of ruminal 
epithelium of Holstein calves in response to diet. The majority of previous studies examining 
rumen development have focused on rumen morphology and physical characters. To date, most 
of the qPCR studies of ruminal gene expression failed to identify diet dependent gene expression 
(Penner et al., 2009). To identify broad changes in genes associated with the dietary plane of 
nutrition we used microarray analysis. We have been able to detect 68 DEGs in between ENH 
and control at wk 5 suggesting that epithelial tissue adapted to dietary management. In contrast, 
only 42 genes were expressed differentially at wk 10 in ENH. A total of 67 genes were expressed 
differentially due to time effect in enhanced treatment. 
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Gene expression pattern  
The microarray analysis clearly showed an effect of enhanced dietary plane of nutrition at 
wk 5 as well as at wk 10. A total of 30 genes were up regulated at wk 10 in ENH group. 
Interestingly, 41 out of 42 genes expressed differentially at wk 10 showed differential 
expressions at wk 5 as well but with an inverse pattern. Genes that exhibited induced expression 
at wk 10 were inhibited at wk 5 in ENH. Only expression of ICT1 (immature colon carcinoma 
transcript 1) was not among DEGs in wk 5 due to diet but was up regulated at 10 due to ENH. A 
similar kind of expression pattern was observed due to time effect in both diets. In ENH, at wk 
10, 49 genes were up regulated and 18 were down regulated while in control at wk 10, 15 were 
up regulated and 34 were down regulated. Out of 68 genes expressed differentially in ENH group 
at wk 10, 47 were shared with the control group. Again down regulated genes in the control 
group at wk 10 were up regulated in ENH at wk 10.  
 
Metabolic pathways 
An increased “oxidative phosphorylation” at wk 10 in ENH may suggest that animals in 
the ENH group utilized the nutrients more efficiently to generate ATP as dry matter intake did 
differ among the two treatment groups at wk 10 (Stamey, 2008). In addition, greater impact and 
induction of most carbohydrate metabolism pathways including “propanoate”, “citrate cycle”, 
“pyruvate metabolism”, and “glycolysis” might depict the higher influx of the intermediates for 
these pathways to support greater oxidative phosphorylation at wk 10 in ENH group (ENH; 10 
vs. 5). Pyruvate can be metabolized by the ruminal epithelium to oxaloacetate, lactate, or ketone 
bodies (Pennington and Sutherland, 1955). The propionate can enter the TCA cycle flux by 
providing succinyl CoA. The propionate after activation to propionyl-CoA forms methyl-
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malonyl-CoA and then succinyl-CoA that enters TCA cycle (Pennington and Sutherland, 1956). 
However, expression of GOT2 and PCCA (qPCR data, Chapter 1) increased by wk 10 might 
have played a role in providing TCA cycle intermediates and thus the induction of the above 
pathways. The carbohydrate metabolic pathway was inhibited at wk 5 in ENH as compared to 
control group. However, oxidative phosphorylation was induced at wk 10 due to ENH and was 
inhibited at wk 10 due to CON. The impact on oxidative phosphorylation was observed due to 
involvement of a gene, adenylate kinase 3 (AK3). The adenylate kinase 3 (AK3) is recently 
detected in beef heart muscle. It converts AMP to ADP by using GTP: ITP as substrates. The 
adenylate kinase can sense the cellular energy status, generates, and communicates AMP signals 
to metabolic sensors. The expression of AK3 was greater at wk 10 due to diet (FC, 1.25) while 
lower at wk 5 due to diet. Similarly, a higher expression was seen at 10 in ENH group but a 
lower in CON (CON; 10 vs. 5). It could be possible that provision of ADP to mitochondria for 
ATP production is due to up regulation of AK3 (Dzeja and Terzi, 2009). 
Additionally rapidly proliferating ruminal cell (assumed by the greater reticulo-rumen 
weight at wk 10 due to ENH) might have fueled fuel their metabolism with a variety of nutrients 
to meet the bio-energetic and biosynthetic demands of proliferation (DeBerardinis et al., 2008). 
No effect on reticulo-rumen weight was seen for enhanced at wk 5; however, at wk 10 weight of 
reticulo-rumen was higher. The greater rumen weight must have been accompanied by greater 
energy demand for proliferating ruminal epithelial cell and might have achieved by induction of 
energy production pathways. 
In the present work, high nitrogen metabolism at wk 5 in the ruminal epithelium may be 
due to high degradation to protein in rumen and subsequently up taken by ruminal epithelial cell.  
Specially enhanced ammonia production has been reported in rumen with greater intake of crude 
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protein (Khan et al., 2007). With greater nitrogen intake, greater fecal nitrogen, urinary nitrogen 
and nitrogen balance was observed in Holstein calves fed different starter. Also they observed 
greater ruminal ammonia production at wk 5 and wk 10 in calves fed high protein diets (Khan et 
al., 2007). On the other hand, milk-feeding rate greatly increased blood urea in ENH at wk 5 and 
wk 10. Starter intake affected blood urea concentration at wk 10 but not at wk 5. In this scenario, 
nitrogen metabolism was inhibited to a much greater extent in ENH than in control at wk 10.  
Greater production of the blood urea at wk 10 in both dietary groups might be an indirect 
effect of reduced nitrogen metabolism at wk 10 in ruminal epithelium tissue. Increased ammonia 
absorption and blood urea indicates decreased efficiency of dietary protein to be used for 
productive purposes (Bartlett et al., 2006). Another mechanism to detoxify ammonia is 
amination of keto-acid to produce amino acids (e.g., alanine) produced as a result of microbial 
fermentation (Oba et al., 2005). This can reduce ammonia absorption that results in high nitrogen 
loss through urea and enhance efficiency of nitrogen use. Recent studies indicated that ammonia 
nitrogen detoxification pathways exist in gut tissues (Mouille et al., 1999, Oba et al., 2004) that 
can help enhance net efficiency of nitrogen use in ruminants. Increase in alanine synthesis with 
the increase in ammonia nitrogen concentration was shown by ruminal epithelial cells (REC) 
isolated from lambs (n =4) fed forage: concentrate-based diet (Oba et al., 2005). The increased 
alanine metabolism together with pyruvate metabolism in ENH group might be due to higher 
ammonia influx in ruminal epithelial cells as a result of rapid degradation of dietary protein.  
Amino acid metabolism was also affected greatly in ENH group at wk 10 (ENH 10 vs. 5). 
As discussed above ruminant amino acid metabolism differs from non-ruminant because rumen 
microbes degrade dietary protein to amino acids and peptides. Literature is available on transport 
of amino acids and peptides by ruminal epithelial cells. The concentration of free amino acid in 
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rumen is very low due to their rapid uptake by microbial cells or degradation to keto-acids and 
ammonia. Also, the amino acids produced in the rumen pass to post ruminal next parts of the 
digestive tract or absorbed directly across the rumen wall into the blood. The rumen epithelium 
can absorb, metabolize, and excrete protein and non-protein nitrogen substances like ammonia 
(Faix and Faixova, 2001). The amount of amino acids absorbed across rumen wall represents 
about 10 % of the total nitrogen, which is absorbed into the blood from the rumen (Hoover and 
Miller 1991). The transfer of amino acids across the rumen epithelium depends on the 
concentration of amino nitrogen in the rumen (Leng et al., 1978), the pH of the rumen contents 
(Leibholz 1971), the morphological parts of the rumen wall (Faixova and Varady, 1997) and the 
interaction between amino acids (Faixova and Varady, 1997). The absorption of free amino acids 
across the rumen epithelium was shown to be more effective at lower concentrations of amino 
acids on the mucosal side of the rumen epithelium (Faixova and Varady, 1997, Fejes et al., 
1991).  
Also as rumen matures comparatively less dietary protein escapes degradation and may 
be absorbed and metabolized by the rumen tissue (Quigley et al., 1985). In an assumption about 
35% of soybean meal would escape rumen degradation in adult cows; in a 3 week old calf, 75% 
of the protein in this same soybean meal might escape rumen degradation (Quigley et al., 1985). 
This might be a supportive evidence for higher amino acid metabolism at wk 10 as compared to 
wk 5 in ENH. However, the clear difference in amino acid metabolism seen in treatment groups 
support the idea that more amino acid was available in the ENH to be absorbed and metabolized 
as compared to control group. Pre-weaning plane of nutrition clearly showed the improved 
amino acid metabolism in ENH.  
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Moreover, lysine and methionine are essential amino acids for growth in calves. 
Interestingly, lysine degradation and methionine metabolism were induced strongly in ENH at 
wk 10 but very low in control at wk 10 (CON; 10 vs. 5). In addition, source of protein also 
affects the rumen degradation thus the availability of amino acids. As compared to other protein 
sources like fish meal, soy bean meal is rapidly degraded in rumen (Hussein et al., 1991). As 
soybean meal was the protein source used in this experiment being 34.34 and 77.48 % of dry 
matter in control (18% CP) and enhance (22% CP) starter. Iso-butyrate and iso-valerate are 
major volatile acid produced as a result of deamination of branched chain amino acids, valine, 
leucine and isoleucine (Hussein et al., 1991). Production of branched chain volatile fatty acids 
differs in response to diet and depend of degradable content of crude protein in rumen (Hussein 
et al., 1991). Amino acid absorption by ruminal epithelium for glycine, serine, valine, 
methionine and lysine, has been demonstrated before and noticed to be higher at lower 
concentrations of total amino acids on mucosal side of the ruminal epithelium (Remond et al., 
2000). Taken together, greater amount of starter CP might have provided more protein for 
microbial protein synthesis as well as made available amino acid to be uptake by the epithelial 
cells for better performance. 
Besides many other nutrients, mucosal side of ruminal epithelium is exposed to short and 
long chain fatty acids. Milk or milk replacer contains short or medium chain fatty acids while 
long chain fatty acids (LCFA) are present in much smaller amounts and mainly comes from 
galactosyl glycerides of fodder plants (Smith et al., 1949) or triglycerides from cereal.  Lipid 
metabolism in ruminating animals is initiated in the rumen by lipolytic action of rumen bacteria 
(Elliott et al., 1999). The metabolic significance of lipid metabolism in ruminal epithelium has 
not been reported but LCFA can be metabolized by ruminal epithelium and may results in ketone 
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bodies production (Jackson et al., 1964, Jesse et al., 1992). In contrast to other metabolic 
pathways, impact on lipid metabolism in both treatment groups was similar at wk 10.  However, 
in ENH group at wk 10 most pathways related to lipid metabolism were induced including 
sphingo-lipid metabolism, α-linolenic, and linoleic acid metabolism. During the transition around 
weaning the calves are transferred to a low fat diet (2-6% of dry matter). Apart from being used 
as minor energy source, n-6 (linoleic and arachidonic acid) and n-3 (α-lenolenic) polyunsaturated 
fatty acids are essential for normal cell growth and function (Burrin and Mersmann, 2005). 
Besides contributing as a structural component of cell matrix and cell membrane, they play a 
regulatory role to modulate cell growth; metabolism and gene expression (Burrin and Mersmann, 
2005).    
In metabolism long chain fatty acid β-oxidation produces acetyl Co-A which enters in 
tricarboxylic acid cycle (TCA) (Jesse et al., 1992). Linoleic and arachidonic acid (n-6) also play 
role in normal epithelial cell water barrier (Ziboh and Chapkin, 1988). Taken together all the 
potential role of essential fatty acids (EFA), an induction the pathways related to their 
metabolism might have played a role in improved rumen development. All the described changes 
in rumen metabolic profile seem to have shown an adaptation to enhance plane of nutrition at the 
gene expression level and likely contributed a significant role in efficient development of rumen 
to support better growth of animal. 
David analysis revealed “urea”, “amide”, “formate,” and “bicarbonate transport” among 
the most impact categories in biological processes. Bovine UT-B is expressed in bovine rumen 
and may function to transport urea into rumen as part of ruminant urea nitrogen salvaging 
process (Aschenbach et al., 2011) and mapped to urea and amine transport in DAVID analysis. 
Urea and amide transport was enhanced due to time in ENH but not in CON (ENH; 10 vs. 5).  In 
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addition, in the molecular function amide transporter, and urea membrane transporter, and 
formate trans-membrane transporter activity showed the same pattern. While SLC26A6 (solute 
carrier family 26, member 6) encodes a protein involved in transporting chloride, oxalate, sulfate 
and bicarbonate was mapped to bicarbonate and formate transport. Both formate and bicarbonate 
transport were induced at wk 5 due to ENH. UT-B is a urea transporter and has been identified in 
bovine ruminal epithelium, within the cell membrane of the stratum basale, spinosum, and 
granulosum of the ruminal epithelium, suggesting a role in transport of urea from the blood into 
the rumen (Stewart et al., 2005). The higher urea transporter expression wk 10 than wk 5 
corresponded to the increased in blood urea nitrogen concentration.  
Simmons et al. (2009) noted greater mRNA and protein expression of SLC14A1 in 
ruminal epithelium of steers fed a concentrate-based diet or silage-based diet with similar CP 
content (~13.4%) for 37 d. The marked induction in urea transport at wk 10 in ENH may be 
indicative of a scavenging mechanism to secure more N to enhance microbial growth and 
metabolism by facilitating direct passage of liver-derived urea from the blood to the lumen of the 
rumen (Aschenbach et al., 2011, Simmons et al., 2009). The mechanistic relationship between 
urea transporter expression and microbial N requirements will have to be studied in more detail 
in the future. One practical observation that could be proposed from our gene expression and 
blood measurements of N metabolism is that dietary treatments between wk 5 and wk 10 were 
not sufficient to meet microbial needs, i.e. more urea-N had to be recycled back into the rumen. 
 
Environmental information and processing 
The regulation of cell growth, cell death and differentiation that lead to improved organ 
development results from cellular signaling, signaling molecules and regulation of gene 
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expression (Burrin and Mersmann, 2005). Diet, hormones (e.g., insulin, IGF, or growth factors) 
and nutrients are main regulators of whole body protein synthesis in early postnatal life (Burrin 
and Mersmann, 2005). Feeding stimulated protein synthesis in all tissues of neonatal animals to 
facilitate growth (Burrin et al., 1995, Burrin et al., 1991). In the current analysis, “Environmental 
information and processing” includes transporters, cell signaling pathways, signaling molecules 
and interactions. Signal transduction pathways respond to extracellular signals like nutrients or 
growth factors (GF) and activate a specific pathway to elicit a physiological response. Signaling 
molecules activate a receptor on cell membrane and activate downstream molecules. Most of the 
signaling transduction pathways were highly induced due to ENH at wk 10 (ENH; 10 vs. 5) 
(Table 4), while an inhibition or no effect was seen in CON group at wk 10. Only “Jak-STAT” 
and “NOTCH signaling” pathways were inhibited at wk 10 in enhanced group.  
The signaling pathways (insulin, IGF1, mTOR), if activated lead to increased protein 
synthesis to promote cell growth (Burrin and Mersmann, 2005). Cell death is associated with 
atrophy or senescence but both processes continue to operate at all stages of life (Burrin and 
Mersmann, 2005). Especially ruminal epithelium has to face harsh conditions from the luminal 
side, and cells die and generate more quickly (Bullough, 1975). Induction of “P53 signaling” 
pathway in the cell death category was mainly due to up regulation of PERP in ENH at wk 10 
(Table 6). The PERP, a tetra-span membrane protein essential for epithelial integrity and plays 
important role in cell-cell adhesion its expression is controlled by P63, a master regulator of 
stratified epithelial development (Jheon et al., 2011). In addition, up regulation of guanine 
nucleotide binding protein (G protein), leads to enhanced tight junction and signaling in cells 
(Luttrell, 2008). G-proteins (guanine nucleotide-binding proteins) are a family of proteins 
involved in transmitting chemical signals outside the cell, and causing changes inside the cell. 
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They communicate signals from many hormones, neurotransmitters, and other signaling factors. 
ENH treatment at wk 10 induced the expression of G protein, downstream signaling of which 
lead to strong adherent junctions, cellular proliferation and regulation of actin cytoskeleton 
(Luttrell, 2008).  
Another important gene found to be up-regulated in ENH at wk 10 was ITGB2 (integrin, 
beta 2 (complement component 3 receptor 3 and 4 subunit). Integrins are integral cell-surface 
proteins composed of an alpha chain and a beta chain and his gene encodes the integrin beta 
chain beta 2. Integrin are trans-membrane proteins that facilitate the interaction of cells with the 
extracellular environment mediate cell adhesion as well as cell surface mediated signaling. 
Integrin alpha E (ITG) was also induced in actin skeleton regulation. PERP, ITG and ITGB2 
were down regulated at wk 5 in ENH. In addition, Akt, a downstream signaling activator of 
cellular proliferation pathways was induced at wk 10 due to ENH but not at wk 5. The role of 
Akt in signaling pathways has been elucidated in most tissues.  
The only transcript found to be up regulated at wk 10 but was not found among DEGs at 
wk 5 in ENH was ICT1 (immature colon carcinoma transcript 1). It plays important role in cell 
viability by maintaining mitochondrial protein synthesis. Mitochondria are ubiquitous organelles 
that are essential for cell viability (McBride et al., 2006). Mitochondria couple the process of 
oxidative phosphorylation to generate ATP (McBride et al., 2006). Bioinformatics analysis 
classifies the human protein encoded by immature colon carcinoma transcript-1 (ICT1) as one of 
a family of four putative mitochondrial translation release factors (Richter et al., 2010). Recently 
ICT1 was found to be an essential mitochondrial protein, and has ribosome-dependent peptidyl-
tRNA hydrolase (PTH) activity, essential for cell viability (Richter et al., 2010). 
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SUMMARY AND CONCLUSIONS 
Our study indicated that enhanced early dietary plane of nutrition elicited a strong 
transcriptomic response in the ruminal epithelial tissue of neonatal Holstein calves. Significant 
changes occurred with time at the level of gene expression but marked modulation of the pattern 
of genes expression was noticed due to ENH. Enhanced diet lead to an overall induction of 
signal transduction pathways and cellular processed like cell death and proliferation at week 10. 
The results revealed additional information that pre-weaned response factors were mostly 
associated with cell growth, death, tissue development, and cellular morphology. It was 
interesting that the post weaned tissue showed up regulation of genes associated with cell 
adhesion molecules, p53 signaling, tight junctions, and fatty acid metabolism. The induction of 
genes involved in modulation of cellular morphology at wk 10 due to diet might have provided 
the molecular basis to achieve the greater reticulo-rumen weight. This deserves more intention 
due to the possibility of regulating regulation of signal transduction through diet.  
 
IMPLICATIONS 
Our results suggested that induction in molecular events due to high quality starter 
might have assisted in achieving greater weight of the reticulo-rumen. Gene expression profiles 
showed that feeding MR at a higher rate was not supportive for pre-weaned tissue to achieve a 
greater weight of reticulo-rumen. ENH dietary plane of nutrition modulated ontogenic changes in 
ruminal epithelial tissue. 
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TABLES 
 
Table 4.1 DEG in ruminal epithelial tissue due to diet and interaction (P < 0.15, FDR < 0.20). 
Comparisons  DIET 5 ENH vs. CON 10 ENH vs. CON ENH 10 vs. 5 CON 10 vs. 5 
Total DEGs 264 80 53 79 56 
Annotated to 
Bovine gene ID 
208 68 42 67 49 
Up regulated 54 18 30 49 15 
Down regulated 154 50 12 18 34 
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Table 4.2 KEGG pathways uncovered by the Dynamic Impact Approach in ruminal epithelial tissue in 
response to plane of nutrition. Reported is the overall flux and impact of all the pathways in KEGG. Dark 
green color (with varying shades) denotes inhibition and brown color (with varying shades) denoting 
activation. The bars size in first column of each comparison is representing intensity of impact. 
 
 
 
 
KEGG Pathways
1. Metabolism
1.1 Carbohydrate Metabolism
1.2 Energy Metabolism
1.3 Lipid Metabolism
1.4 Nucleotide Metabolism
1.5 Amino Acid Metabolism
1.6 Metabolism of Other Amino Acids
1.7 Glycan Biosynthesis and Metabolism
1.8 Metabolism of Cofactors and Vitamins
1.9 Metabolism of Terpenoids and Polyketides
1.11 Xenobiotics Biodegradation and Metabolism
2. Genetic Information Processing
2.1 Transcription
2.2 Translation
2.3 Folding, Sorting and Degradation
2.4 Replication and Repair
3. Environmental Information Processing
3.1 Membrane transport
3.2 Signal Transduction
3.3 Signaling Molecules and Interaction
4. Cellular Processes
4.1 Transport and Catabolism
4.2 Cell Motility
4.3 Cell Growth and Death
4.4 Cell Communication
5. Organismal Systems
5.1 Immune System
5.2 Endocrine System
5.3 Circulatory System
5.4 Digestive System
5.6 Nervous System
5.7 Sensory System
5.8 Development
5.9 Environmental Adaptation
6. Human Diseases
6.1 Cancers
6.2 Immune System Diseases
6.3 Neurodegenerative Diseases
6.5 Metabolic Diseases
6.6 Infectious Diseases
Within Diet Within Time
5‐ENHvs.CON 10‐ENHvs.CON ENH‐10vs.5 CON‐10vs.5
Impact 0 5 10 20
Flux 20 10 0 ‐10 ‐20
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Table 4.3 KEGG metabolism pathways uncovered by the Dynamic Impact Approach in ruminal epithelial 
tissue in response to plane of nutrition. Reported is the overall flux and impact of all the pathways in KEGG. 
Dark green color (with varying shades) denotes inhibition and brown color (with varying shades) denoting 
activation. The bars size in first column of each comparison is representing intensity of impact. 
 
 
 
 
 
 
 
 
KEGG Pathways
Carbohydrate Metabolism
Propanoate metabolism
Citrate cycle (TCA cycle)
Galactose metabolism
Pyruvate metabolism
Amino sugar and nucleotide sugar metabolism
Glycolysis / Gluconeogenesis
Glyoxylate and dicarboxylate metabolism
Pentose phosphate pathway
Inositol phosphate metabolism
Butanoate metabolism
Energy Metabolism
Nitrogen metabolism
Oxidative phosphorylation
Lipid Metabolism
Ether lipid metabolism
Arachidonic acid metabolism
alpha‐Linolenic acid metabolism
Linoleic acid metabolism
Glycerophospholipid metabolism
Glycerolipid metabolism
Fatty acid metabolism
Sphingolipid metabolism
Amino Acid Metabolism
Lysine degradation
Histidine metabolism
Phenylalanine metabolism
Arginine and proline metabolism
Cysteine and methionine metabolism
Alanine, aspartate and glutamate metabolism
Glycine, serine and threonine metabolism
Valine, leucine and isoleucine degradation
Tryptophan metabolism
Glycan Biosynthesis and Metabolism
Glycosphingolipid biosynthesis ‐ lacto and neolacto series
Glycosylphosphatidylinositol(GPI)‐anchor biosynthesis
Glycosphingolipid biosynthesis ‐ globo series
Glycosaminoglycan biosynthesis ‐ chondroitin sulfate
N‐Glycan biosynthesis
Other glycan degradation
Within Diet Within Time
5‐ENHvs.CON 10‐ENHvs.CON ENH‐10vs.5 CON‐10vs.5
Impact 0 5 10 20
Flux 20 10 0 ‐10 ‐20
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Table 4.4 KEGG genetic information and environmental pathways uncovered by the Dynamic Impact 
Approach in ruminal epithelial tissue in response to plane of nutrition. Reported is the overall flux and 
impact of all the pathways in KEGG. Dark green color (with varying shades) denotes inhibition and 
brown color (with varying shades) denoting activation. The bars size in first column of each comparison 
is representing intensity of impact. 
 
 
 
 
 
 
 
 
 
 
 
KEGG Pathways
Genetic Information Processing
Transcription
Basal transcription factors
RNA polymerase
Aminoacyl‐tRNA biosynthesis
Ribosome
Folding, Sorting and Degradation
Ubiquitin mediated proteolysis
Proteasome
RNA degradation
SNARE interactions in vesicular transport
Protein export
Environmental Information Processing
Membrane Transport
ABC transporters
Signal Transduction
TGF‐beta signaling pathway
Jak‐STAT signaling pathway
Calcium signaling pathway
mTOR signaling pathway
Wnt signaling pathway
MAPK signaling pathway
VEGF signaling pathway
Notch signaling pathway
ErbB signaling pathway
Phosphatidylinositol signaling system
Hedgehog signaling pathway
Signaling Molecules and Interaction
Cytokine‐cytokine receptor interaction
Cell adhesion molecules (CAMs)
Neuroactive ligand‐receptor interaction
ECM‐receptor interaction
Within Diet Within Time
5‐ENHvs.CON 10‐ENHvs.CON ENH‐10vs.5 CON‐10vs.5
Impact 0 5 10 20
Flux 20 10 0 ‐10 ‐20
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Table 4.5 KEGG cellular processes and organismal system uncovered by the Dynamic Impact Approach 
in ruminal epithelial tissue in response to plane of nutrition. Reported is the overall flux and impact of all 
the pathways in KEGG. Dark green color (with varying shades) denotes inhibition and brown color (with 
varying shades) denotes activation. The bars size in first column of each comparison is representing 
intensity of impact. 
 
 
 
 
KEGG Pathways
Cellular Processes
Transport and Catabolism
Lysosome
Regulation of autophagy
Peroxisome
Endocytosis
Phagosome
Cell Motility
Regulation of actin cytoskeleton
Cell Growth and Death
Apoptosis
Cell cycle
p53 signaling pathway
Oocyte meiosis
Cell Communication
Adherens junction
Tight junction
Gap junction
Focal adhesion
 Organismal Systems
Immune System
Hematopoietic cell lineage
Fc epsilon RI signaling pathway
Cytosolic DNA‐sensing pathway
RIG‐I‐like receptor signaling pathway
Leukocyte transendothelial migration
Chemokine signaling pathway
Complement and coagulation cascades
Fc gamma R‐mediated phagocytosis
T cell receptor signaling pathway
Natural killer cell mediated cytotoxicity
Toll‐like receptor signaling pathway
Antigen processing and presentation
B cell receptor signaling pathway
NOD‐like receptor signaling pathway
Endocrine System
Renin‐angiotensin system
Adipocytokine signaling pathway
GnRH signaling pathway
PPAR signaling pathway
Insulin signaling pathway
Melanogenesis
Within Diet Within Time
5‐ENHvs.CON 10‐ENHvs.CON ENH‐10vs.5 CON‐10vs.5
Impact 0 5 10 20
Flux 20 10 0 ‐10 ‐20
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Table 4.6 DAVID chromosome analysis uncovered by the Dynamic Impact Approach in ruminal 
epithelial tissue in response to plane of nutrition. Reported is the overall flux and impact of all the 
pathways in KEGG. Dark green color (with varying shades) denotes inhibition and brown color (with 
varying shades) denotes activation. The bars size in first column of each comparison is representing 
intensity of impact. 
 
 
 
 
 
 
 
 
 
 
 
Chromosome
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
Un
5‐ENH vs.CON 10‐ENH vs. CON ENH‐10 vs. 5 CON‐10 vs. 5
Impact 0 5 10 20
Flux 20 10 0 ‐10 ‐20
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Table 4.7 DAVID Biological processes (BP_1 and BP_FAT) analysis uncovered by the Dynamic Impact 
Approach in ruminal epithelial tissue in response to plane of nutrition. Reported is the overall flux and 
impact of all the pathways in KEGG. Dark green color (with varying shades) denotes inhibition and 
brown color (with varying shades) denotes activation. The bars size in first column of each comparison is 
representing intensity of impact. 
 
 
 
 
 
 
 
 
BIOLOGICAL PROCESSES
GOTERM_BP_1
GO:0009987~cellular process
GO:0065007~biological regulation
GO:0008152~metabolic process
GO:0051234~establishment of localization
GO:0051179~localization
GO:0016265~death
GO:0022610~biological adhesion
GO:0050896~response to stimulus
GO:0016043~cellular component organization
GO:0051704~multi‐organism process
GO:0002376~immune system process
GO:0040011~locomotion
GO:0040007~growth
GO:0032502~developmental process
GOTERM_BP_FAT
GO:0015724~formate transport
GO:0015840~urea transport
GO:0042886~amide transport
GO:0006069~ethanol oxidation
GO:0018119~peptidyl‐cysteine S‐nitrosylation
GO:0046292~formaldehyde metabolic process
GO:0051409~response to nitrosative stress
GO:0006622~protein targeting to lysosome
GO:0006623~protein targeting to vacuole
GO:0015701~bicarbonate transport
GO:0042044~fluid transport
GO:0017014~protein amino acid nitrosylation
GO:0046185~aldehyde catabolic process
GO:0051775~response to redox state
GO:0018346~protein amino acid prenylation
GO:0010984~regulation of lipoprotein particle clearance
GO:0010985~negative regulation of lipoprotein particle clearance
GO:0032091~negative regulation of protein binding
GO:0006067~ethanol metabolic process
GO:0034308~monohydric alcohol metabolic process
GO:0051001~negative regulation of nitric‐oxide synthase activity
GO:0018342~protein prenylation
GO:0006415~translational termination
GO:0018198~peptidyl‐cysteine modification
GO:0045104~intermediate filament cytoskeleton organization
5‐ENH vs. CON 10‐ENH vs. CON ENH‐10vs.5 CON‐10vs.5
5‐ENH vs. CON 10‐ENH vs. CON ENH‐10vs.5 CON‐10vs.5
Within diet Within time
Impact 0 5 10 20
Flux 20 10 0 ‐10 ‐20
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Table 4.8 DAVID Molecular Function (MF_1 and MF_FAT) analysis uncovered by the Dynamic Impact 
Approach in ruminal epithelial tissue in response to plane of nutrition. Reported is the overall flux and 
impact of all the pathways in KEGG. Dark green color (with varying shades) denotes inhibition and 
brown color (with varying shades) denotes activation. The bars size in first column of each comparison is 
representing intensity of impact. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
MOLECULAR FUNCTIONS
GOTERM_MF_1
GO:0005198~structural molecule activity
GO:0005488~binding
GO:0003824~catalytic activity
GO:0005215~transporter activity
GO:0030234~enzyme regulator activity
GO:0060089~molecular transducer activity
GO:0030528~transcription regulator activity
GOTERM_MF_FAT
GO:0042887~amide transporter activity
GO:0015204~urea transmembrane transporter activity
GO:0015499~formate transmembrane transporter activity
GO:0051903~S‐(hydroxymethyl)glutathione dehydrogenase activity
GO:0018467~formaldehyde dehydrogenase activity
GO:0005372~water transporter activity
GO:0004660~protein farnesyltransferase activity
GO:0004662~CAAX‐protein geranylgeranyltransferase activity
GO:0034450~ubiquitin‐ubiquitin ligase activity
GO:0070326~very‐low‐density lipoprotein receptor binding
GO:0030548~acetylcholine receptor regulator activity
GO:0004652~polynucleotide adenylyltransferase activity
GO:0004022~alcohol dehydrogenase (NAD) activity
GO:0030545~receptor regulator activity
GO:0048019~receptor antagonist activity
GO:0008271~secondary active sulfate transmembrane transporter activity
GO:0004661~protein geranylgeranyltransferase activity
GO:0051059~NF‐kappaB binding
GO:0015116~sulfate transmembrane transporter activity
GO:0030547~receptor inhibitor activity
GO:0050750~low‐density lipoprotein receptor binding
GO:0000030~mannosyltransferase activity
GO:0008318~protein prenyltransferase activity
Within time
5‐ENH vs. CON 10‐ENH vs. CON ENH‐10vs.5 CON‐10vs.5
10‐ENH vs. CON ENH‐10vs.5 CON‐10vs.55‐ENH vs. CON
Within diet
Impact 0 5 10 20
Flux 20 10 0 ‐10 ‐20
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Table 4.9 DAVID Cellular Components (CC_1 and CC_FAT) analysis uncovered by the Dynamic 
Impact Approach in ruminal epithelial tissue in response to plane of nutrition. Reported is the overall flux 
and impact of all the pathways in KEGG. Dark green color (with varying shades) denotes inhibition and 
brown color (with varying shades) denotes activation. The bars size in first column of each comparison is 
representing intensity of impact. 
 
 
 
 
 
 
 
 
 
 
 
Impact 0 5 10 20
Flux 20 10 0 ‐10 ‐20
CELLULAR COMPONENTS 
GOTERM_CC_1
GO:0005576~extracellular region
GO:0005623~cell
GO:0032991~macromolecular complex
GO:0043226~organelle
GO:0044421~extracellular region part
GO:0044422~organelle part
GO:0044464~cell part
GOTERM_CC_FAT
GO:0000782~telomere cap complex
GO:0000783~nuclear telomere cap complex
GO:0005832~chaperonin‐containing T‐complex
GO:0030870~Mre11 complex
GO:0032587~ruffle membrane
GO:0000784~nuclear chromosome, telomeric region
GO:0031256~leading edge membrane
GO:0030057~desmosome
GO:0031105~septin complex
GO:0032156~septin cytoskeleton
GO:0000781~chromosome, telomeric region
GO:0005791~rough endoplasmic reticulum
GO:0005793~ER‐Golgi intermediate compartment
GO:0031253~cell projection membrane
GO:0000151~ubiquitin ligase complex
CON‐10vs.5ENH‐10vs.510‐ENH vs. CON5‐ENH vs. CON
Within diet Within time
5‐ENH vs. CON 10‐ENH vs. CON ENH‐10vs.5 CON‐10vs.5
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CHAPTER V 
EVALUATION OF GENE EXPRESSION PATTERNS IN RESPONSE TO 
AGE IN DAIRY CALF RUMINAL EPITHELIAL TISSUE 
Naeem,* J. K. Drackley,*† J. Stamey,* and J. J. Loor*†§ 
 
*Mammalian NutriPhysioGenomics, 
†Department of Animal Sciences, and §Division of Nutritional Sciences, 
University of Illinois, Urbana, IL 61801 
 
 
INTRODUCTION 
Rumen development is the most important criteria for early weaning of calves. Despite 
the effect of dietary composition, type and nutrient supplied, many ontogenic changes occur in 
the rumen at both physiological and gene expression levels. The development of the digestive 
system of the calves initiates in the embryonic stages (Huber, 1969) and its compartments 
become visible at 56 days after conception (Warner, 1958). At birth, the omasum is the largest 
organ (49%) while in mature (12-16 week of age) ruminants; reticulo-rumen comprises 67% of 
the gastrointestinal tract (Warner R. G., 1965). Diet is a major factor that influences the 
development of the rumen but not the abomasum (Huber, 1969, Stobo et al., 1966). In order to 
understand the effect of nutrients, developmental and physiological effects must be analyzed 
separately.  
 A number of studies have investigated the rumen development with respect to 
fermentation, rumen morphology, and blood chemistry as manifested by growing animals 
(Baldwin, 2000, Hussein et al., 1991). Few studies have focused on gene expression patterns in 
the rumen with respect to age. To evaluate ontogenic changes, Lane et al. (2002) designed a 
serial slaughter study of lambs from birth to 84 days of age. Wang et al. (1996) reported 2 cDNA 
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clones encoding small proline-rich proteins expressed in mature sheep ruminal epithelium, 
reticulum, omasum, but not in neonatal animals. In another report (Roh et al., 2007), the gene 
expression pattern of RPS19, BHLHB2, NDUFV2, and EXOSC9 in the rumen and abomasum of 
3-wk-, 13-wk-, and 18- to 20- mo-old Holstein cattle using a differential display method was 
observed. They observed no changes in expression level of RPS19, while the levels of RPS23 
mRNA in the rumen increased after weaning and further increased in the adult; however, the 
expression level of this gene decreased in the abomasum with weaning and age. These studies 
show that significant changes occur in gene expression profile of rumen for some genes while 
expression level of others remains stable. 
  In many reports it is difficult to separate the dietary effect on genes expression from the 
developmental effects because the evaluation period for the gene expression also includes the 
nutritional changes (Baldwin 2002). Therefore, in most studies, the effect on gene expression of 
the ruminal epithelial tissue due to age is confounded by diet. To study the genetic control of the 
developmental switch that initiates postnatal development of the rumen is extremely important. It 
is clearly essential that these genetic processes must be clarified to achieve a more complete 
understanding of the development and function of rumen. 
 In this study, we examined temporal gene expression profiles of the ruminal epithelium 
of calves at week 5 and week 10 of age. A bovine microarray platform consisting of 13,257- 
annotated oligonucleotides was used to study ruminal epithelium gene networks underlying 
different nutrition regimes.  
OBJECTIVE 
The main objective of this study was to evaluate the large-scale gene expression 
patterns at week 5 and week 10 of age in dairy calf ruminal epithelial tissue. 
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MATERIALS AND METHODS 
Please see chapter 1 and 3 for details.  
 
Data analysis  
Data from a total of 42 microarrays were normalized for dye and microarray effects (i.e., 
Lowess normalization and microarray centering) and used for statistical analysis. Data were 
analyzed using the Proc. MIXED procedure of SAS (SAS, SAS Inst. Inc., Cary, NC). Fixed 
effects were diets (control, ENH) week (10, 5) and dye (Cy3, Cy5). Random effects included 
cow and microarray. Raw P values were adjusted using Benjamini and Hochberg’s false 
discovery rate (FDR) (Reiner et al., 2003). Differences in relative expression due to time were 
considered significant at an FDR-adjusted P <0.20 or at P<0.15. Based on this criterion, 751 
genes were differentially expressed due to week effect (week 10 vs. week5). Among these 751 
DEGs, only 13 were shared with the DEGs due to interaction that was not excluded form the 
analysis. 
 
RESULTS 
As described in materials and methods, for computational analysis using KEGG database 
we used pathways that were adequately represented in our bovine microarray. Pathways that 
were represented >30 % (genes in pathways of whole bovine genome in array/gene in pathways 
whole bovine genome) were considered as an adequately represented pathway. In KEGG 
analysis, 195 out of a total 210 pathways in KEGG fall into that criteria. Repeated-measures 
ANOVA at a cutoff FDR P value <0.20 and P value <0.15 resulted in a total of 751 differentially 
expressed genes (DEGs) due to week effect. Of the 751 DEG, 587 could be annotated to Bos 
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taurus gene ID the most recent annotation in our lab with 331 up regulated and 256 down 
regulated DEGs (Table 5.1).  
Table 5.2 shows the summarized result reflecting all the biological categories available in 
KEGG. The highest impact was seen on metabolism among all the major categories given in 
KEGG database that represented most of the DEGs in time effect were mapped to metabolic 
pathways. All the metabolic pathways were strongly induced and the “genetic information and 
processing” was moderately induced at wk 10 as showed by intensity of colors. However, almost 
all the “signal transduction” pathways and “cellular processes” were inhibited or showed no flux 
but were moderately impacted.  
Table 5.3 shows the detailed metabolic pathways of all macromolecules including 
carbohydrate, lipid, protein, and energy. In detailed analysis “carbohydrate, glycolysis, amino 
sugar and nucleotide sugar metabolism, propanoate metabolism and starch and sucrose 
metabolism” were induced at wk 10. The “butanoate, citric acid cycle (TCA) and pyruvate” 
metabolic pathways were inhibited at wk 10. In “lipid metabolism”, “glycerophospholipid and 
fatty acid metabolism” were induced while “glycerolipid metabolism” was inhibited. The 
degradation of valine, leucine, isoleucine, glutathione metabolism, tyrosine metabolism was up 
regulated in amino acid metabolism. Most of the metabolic pathways in “glycan biosynthesis and 
metabolism” were up regulated by wk 10 (Table 5.3).  
Overall, the flux for “signaling molecules and interaction” in “environmental information 
processes”; “cell growth and death” in “cellular processes” was highly impacted due to age 
(Table 5.1). Except for basal transcription factors, translational protein modification replication 
and repair pathways were induced at wk 10 (Table 5.4). Two basal transcript factors were 
mapped to this category and were inhibited named “General transcription factor IIA 1-like and 
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general transcription factor IIH, polypeptide 4, 52kDa. The highly impacted pathways in the 
“signal transduction” encompassed “hedgehodge” and “wnt” signaling pathways. However, 
except for the “phosphatidylinositol signaling” and “VEGF signaling” pathways, all signal 
transduction pathways were inhibited at wk 10. The “cell adhesion molecules (CAM)” in 
signaling molecule and interaction was highly impacted and induced at wk 10 in “signaling 
molecules and interaction” (Table 5.4, Figure 5.4).  
In DAVID analysis, in biological processes (GOTERM_BP_FAT) lipoic acid and lipoate 
metabolic processes, protein kinase B activity, positive regulation of cellular extravasation was 
highly impacted and up regulated. JUN phosphorylation, negative regulation tyrosine 
phosphorylation, and riboflavin metabolic processes were down regulated with higher impact 
(Supplementary File 1). In cellular components (CC_FAT), GOTERMS related to cell skeleton 
were up regulated while insulin receptor complex formation was down regulated at wk 10. In 
MF_FAT glucoseamine N sulfo transferase activity, lipoprotein ligase activity, carnitine O 
ocatnoyltransferase activity, urea transmembane transporter activity, amide transporter activity, 
adenylate sulfate kinase activity was up regulated at wk 10 (Supplementary File 1). Pyruvate 
dehydrogenase activity, cAMP dependent protein kinase activity, insulin receptor activity and 
insulin binding was down regulated at wk 10. The highest impact was seen on chromosome 6, 
21, 26, and 27 with most of the DEGs up regulated (Table 5.5).  
 
DISCUSSION 
 An overall strong induction of all metabolic pathways was observed at wk 10 as 
compared to wk 5. Ontogeny of the various metabolic enzymes in ruminal epithelium tissue has 
been reported previously (Baldwin and Jesse, 1992, Giesecke et al., 1979, Lane et al., 2000, 
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2002). These studies have focused on changes in the rumen metabolism with respect to 
substrates utilization and oxidation (Giesecke et al., 1979). At birth, rumen epithelium used 
glucose from milk as the primary energy source. However, immature ruminal epithelium tissue is 
shown to metabolize end products of fermentation as soon as day 3 of their age. Increase in 
glucose oxidation rate from d 0 to d 14 until d 42 followed by a decline in ruminal epithelium 
ells isolate from lambs clearly depicts ontogenic regulation (Baldwin and Jesse, 1992).  Butyrate 
oxidation to CO2 and beta-hydroxybutyrate change with the passage of time. Baldwin and Jesse 
(1992) observed butyrate oxidation to CO2 increase from birth to a peak at and decreased 
throughout the remainder of the pre weaning period. A 10 fold increase in beta-hydroxybutyrate 
production from butyrate occurred from d 42 to d 56 (Baldwin and Jesse, 1992).  In a subsequent 
study, Lane et al. (2000, 2002) addressed the role of ontogenic development of rumen by 
analyzing the effect of age on rumen epithelium metabolic development. Serial slaughter study 
conducted by these investigators showed that irrespective of the dietary plane of nutrition 
isolated ruminal epithelia cells from lambs pre and post weaning showed similar glucose 
oxidation rates. Before weaning, the rate of ketogenesis (as measured by rate of BHBA 
production) was observed to be lower for milk fed lambs but after 42 d of age rate of BHBA 
production was comparable to conventionally weaned lamb (Baldwin and Jesse, 1992, Lane et 
al., 2000). The observed increase in rate of ketogenesis form milk fed lambs from d 42 to d 56 
paralleled with reported changes in the gene expression regulating this pathways (AcAc Co-A 
thiolase and HMG-CoA synthase) (Lane et al., 2002). Dietary and ontogenic regulation of acyl 
CoA sysnthetase for SCFAs in adult bovine ruminal epithelium increased was noticed earlier 
(Harmon et al., 1991).  
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The results in the metabolic changes that occurred at gene expression level are consistent 
with the finding in other organs such as the small intestine where ontogenic development for 
various enzymes has been reported (Burrin and Mersmann, 2005) . For instance, lactase activity 
decreases and dipeptidyl-peptidase increases in the lamb small intestine regardless of dietary 
treatment (Shirazi-Beechey et al., 1991). The neonatal epithelial metabolic development is the 
association of both ontogenic and physiological factors.  
In signaling cascades “PPAR signaling” was strongly induced at wk 10 (Table 4). 
Expression of PPARD (qPCR data) was strongly induced while PPARA was inhibited at wk 10. 
The Peroxisome proliferator-activated receptor delta (PPARD) is a member of the nuclear 
receptor family of ligand-activated transcription factors that heterodimerize with the retinoic X 
receptor (RXRBs) to regulate gene and gut development, fatty acid oxidation, and control of cell 
proliferation. The expression of PPARD has been detected in epithelial cells and seems to play a 
role in inhibition of cell proliferation (Burdick et al., 2006). Significantly higher expression of 
PPARD (q-PCR data) was observed at week 10 as compared to week 5. A higher PPARD might 
be indicative of higher degree of cell proliferation at an earlier stage of life (Burdick et al., 2006).  
The PPARA is involved in transcriptional regulation of the metabolic genes such ketogenic (e.g., 
HMGCS2) or fatty acid oxidation. In non-ruminants, PPARA induces HMGCS2, ACADVL, and 
CPT1A expression by binding directly to DNA response elements in their promoter (Rodriguez 
et al., 1994). Despite the above data supporting LCFA oxidation by ruminal cells, it was shown 
previously that in the presence of butyrate at physiological concentrations, palmitate oxidation in 
isolated ruminal epithelial cells of sheep was reduced one half of that of butyrate (Jesse et al., 
1992).  
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Insulin signaling and growth hormone pathways led to an increased protein synthesis and 
protein deposition in most of the tissues (Kimball et al., 1994, Vann et al., 2000). Studies on the 
developmental changes in insulin signaling pathway in pigs revealed that insulin receptor is more 
abundant in early suckling periods then at weaning (Davis et al., 2001). Also, abundance for 
downstream signaling proteins (IRS1, IRS2, PI3-K (PI-3 kinase), PKB protein kinase B) of 
insulin signaling pathway decreases during development (Kimball et al., 2002, Suryawan et al., 
2001). In this study, we observed inhibition of “insulin signaling pathway” due to down 
regulation of five genes including INSR, IRS, JNK, PKA, and SOS. In addition, the processes 
related to “cell cycle and cell death” were down regulated at wk 10. Kimble et al (2002) reported 
no changes in IRS1 and IRS2 protein abundance in growing piglets. Developmental decline of 
genes involved in insulin signaling pathway may suggest a feed induced expression at weaning 
that declined afterwards (Davis et al., 2001, Wray-Cahen et al., 1998). Thus insulin plays an 
important role in regulation protein and mRNA expression of growing animals. However, its 
physiological significance in most tissue in adult animals is less clear. Growth hormone 
stimulated protein deposition improves nitrogen retention and also enhances the utilization of 
dietary protein for growth (Vann et al., 2000). Growth hormone signaling cascade shares most 
components with insulin signaling pathway and both are inhibited in this study. However, 
availability of substrates such as amino acid may play a role in protein deposition in cells during 
growth.  
In signaling pathways, “ErbB signaling” pathway was strongly inhibited at wk 10 (Table 
5.4, Figure 5.2). The ErbB signaling plays an important role in wound healing and regeneration 
of the epithelial cells when induced by epidermal growth factor and transforming growth factor 
(Brown et al., 1989). An inhibition of ErbB signaling is due to down regulation of cam-k 
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calmodulin-dependent protein kinase (CAMK), c-Jun N-terminal kinase (JNK), son of sevenless 
homolog 1 (SOS), glycogen synthase kinase 3 β (GSK β) at wk 10 (Figure 5.2). Active 
migrations and high proliferation rate is an indication of growing epithelium and is dependent on 
ErbB signaling (Brown et al., 1989). The ErbB ligands include growth factors like epidermal 
growth factors or transforming growth factor to induce DNA synthesis (Brown et al., 1989). A 
total of 13 DEGs were observed in “MAPK signaling” cascade including platelet-derived growth 
factor receptor  (PDGFR), SOS, Protein Kinase A (PKA), dual specificity phosphatase 1 
(DUSP/MKP), serum response factor (SRF), transforming growth factor, beta (TGF-β)  (Figure 
3). MAPK signaling is involved in hyper proliferations of human keratinocytes (Henley et al., 
2004, Jiang et al., 2011). The down regulation of the pathways like ErbB (Figure 5.2), MAPK 
(Figure 5.3), and JAK/STAT (Figure 5.5) signaling pathways depicts a lower proliferation of 
epithelial cells at wk 10 as compared to wk 5. It might be possible that pre-weaned tissue grows 
more rapidly than post-weaned tissues. The rate of rumen growth in lambs becomes 3 times from 
d 28 to d 42 as compared to body, might support the above suggestion for lower response in 
cellular proliferation pathways (Baldwin, 1998). 
An induction of “genetic information processes” in both “transcription and translation” 
categories with increased proteolysis was observed at wk 10. All proteins have turnover rates 
where protein synthesis is associated with growth and protein degradation with senescence 
(Burrin and Mersmann, 2005). Protein degradation is also considered as a key determinant of 
growth, metabolic rate, and growth efficiency (Burrin and Mersmann, 2005). Protein must be 
broken down in normal physiological conditions and is regulated at the gene expression level. 
Protein synthesis in gut epithelium of cattle increases in response to feeding (Kelly et al., 1995). 
However, assessment of the gene expression level is not the primary measure of protein 
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degradation. Protein degradation is dependent on physiological state, age, species, and organ. It 
provides essential and non-essential amino acids independent of dietary intake (Burrin and 
Mersmann, 2005).  
 
SUMMARY AND CONCLUSIONS 
Overall, developmental changes in ruminal epithelium of growing calves showed 
induction of “metabolic processes” and “genetic information and processing.” Most of the 
cellular signaling cascades were inhibited at wk 10 as compared to wk 5, and corresponded well 
with the reports in other tissues, especially muscle in ruminants and non-ruminants as well. 
Stimulation of protein synthesis by feeding decreases with age in neonatal pigs (Burrin and 
Mersmann, 2005). However, stimulation of protein synthesis by nutrients especially amino acids 
has been reported in skeletal muscle in growing humans and rats (Bennett et al., 1990, Vary et 
al., 1999). The neonatal ruminal epithelial metabolic development is the association of both 
ontogenic and physiological factors. Our data suggest a moderate milk replacer program 
improves transition at weaning for dairy calves in an enhanced early nutrition program.  Dairy 
calves fed the moderate milk replacer program maintain growth advantage from weaning.   
 
IMPLICATIONS 
Marked changes occurred at the transcriptome level with age. A genetic shift, from 
rapidly growing phase (allometric growth) to normal phase, occurred to maintain a balanced 
growth post weaning.  
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TABLES 
Table 5.1 Differentially expressed genes (DEGs) due to time effect in ruminal epithelial tissue. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Time effect 10 vs. 5  
Total DEGs 751 
Annotated to bovine Gene ID 587 
Up regulated genes 331 
Down regulated genes 256 
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Table 5.2 KEGG summarized pathways uncovered by the Dynamic Impact Approach in ruminal 
epithelial tissue in response to plane of nutrition. Reported is the overall flux and impact of all 
the pathways in KEGG. Dark green color (with varying shades) denotes inhibition and brown 
color (with varying shades) denotes activation. The bars size in first column of each comparison 
is representing intensity of impact. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Time Effect Time Effect
1. Metabolism 4. Cellular Processes
0.1 Metabolic Pathways 4.3 Cell Growth and Death
1.11 Xenobiotics Biodegradation and Metabolism 4.2 Cell Motility
1.8 Metabolism of Cofactors and Vitamins 4.1 Transport and Catabolism
1.2 Energy Metabolism 4.4 Cell Communication
1.6 Metabolism of Other Amino Acids 5. Organismal Systems
1.7 Glycan Biosynthesis and Metabolism 5.7 Sensory System
1.1 Carbohydrate Metabolism 5.2 Endocrine System
1.3 Lipid Metabolism 5.1 Immune System
1.4 Nucleotide Metabolism 5.8 Development
1.5 Amino Acid Metabolism 5.4 Digestive System
2. Genetic Information Processing 5.5 Excretory System
2.1 Transcription 5.3 Circulatory System
2.4 Replication and Repair 5.6 Nervous System
2.2 Translation 5.9 Environmental Adaptation
2.3 Folding, Sorting and Degradation 6. Human Diseases
3. Environmental Information Processing 6.6 Infectious Diseases
3.3 Signaling Molecules and Interaction 6.2 Immune System Diseases
3.2 Signal Transduction 6.3 Neurodegenerative Diseases
3.1 Membrane transport 6.1 Cancers
10 vs. 5 10 vs. 5
Impact 0 5 10 20
Flux 20 10 0 ‐10 ‐20
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Table 5.3 KEGG detailed metabolic uncovered by the Dynamic Impact Approach in ruminal 
epithelial tissue in response to plane of nutrition. Reported is the overall flux and impact of all 
the pathways in KEGG. Dark green color (with varying shades) denotes inhibition and brown 
color (with varying shades) denotes activation. The bars size in first column of each comparison 
is representing intensity of impact. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Time Effect Time Effect
1.1 Carbohydrate Metabolism 1.4 Nucleotide Metabolism
Glycolysis / Gluconeogenesis Purine metabolism
Butanoate metabolism Pyrimidine metabolism
Ascorbate and aldarate metabolism 1.5 Amino Acid Metabolism
Citrate cycle (TCA cycle) Valine, leucine and isoleucine biosynthesis
Pentose and glucuronate interconversions Tyrosine metabolism
Pentose phosphate pathway Arginine and proline metabolism
Pyruvate metabolism Valine, leucine and isoleucine degradation
Propanoate metabolism Alanine, aspartate and glutamate metabolism
Fructose and mannose metabolism Cysteine and methionine metabolism
Amino sugar and nucleotide sugar metabolism 1.6 Metabolism of Other Amino Acids
Starch and sucrose metabolism Glutathione metabolism
Inositol phosphate metabolism Selenoamino acid metabolism
Glyoxylate and dicarboxylate metabolism 1.7 Glycan Biosynthesis and Metabolism
Galactose metabolism Glycosaminoglycan biosynthesis ‐ heparan sulfate
1.2 Energy Metabolism Other glycan degradation
Sulfur metabolism N‐Glycan biosynthesis
Nitrogen metabolism Glycosylphosphatidylinositol(GPI)‐anchor biosynthesis
Oxidative phosphorylation Glycosphingolipid biosynthesis ‐ lacto and neolacto series
1.3 Lipid Metabolism 1.8 Metabolism of Cofactors and Vitamins
Biosynthesis of unsaturated fatty acids Lipoic acid metabolism
Fatty acid metabolism Retinol metabolism
Synthesis and degradation of ketone bodies Riboflavin metabolism
Glycerolipid metabolism Porphyrin and chlorophyll metabolism
Primary bile acid biosynthesis Folate biosynthesis
Steroid hormone biosynthesis Thiamine metabolism
Steroid biosynthesis One carbon pool by folate
Ether lipid metabolism 1.11 Xenobiotics Biodegradation and Metabolism
Arachidonic acid metabolism Drug metabolism ‐ cytochrome P450
Glycerophospholipid metabolism Metabolism of xenobiotics by cytochrome P450
10 vs. 5 10 vs. 5
Impact 0 5 10 20
Flux 20 10 0 ‐10 ‐20
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Table 5.4 KEGG genetic information processing, environmental information and processing, 
cellular processes and organismal system uncovered by the Dynamic Impact Approach in 
ruminal epithelial tissue in response to plane of nutrition. Reported is the overall flux and impact 
of all the pathways in KEGG. Dark green color (with varying shades) denotes inhibition and 
brown color (with varying shades) denotes activation. The bars size in first column of each 
comparison is representing intensity of impact. 
 
 
 
 
 
 
 
 
 
 
 
Time Effect Time Effect
2. Genetic Information Processing 4. Cellular Processes
2.1 Transcription 4.1 Transport and Catabolism
Basal transcription factors Peroxisome
RNA polymerase Endocytosis
2.2 Translation Lysosome
Aminoacyl‐tRNA biosynthesis Regulation of autophagy
Ribosome 4.3 Cell Growth and Death
2.3 Folding, Sorting and Degradation p53 signaling pathway
Ubiquitin mediated proteolysis Cell cycle
Proteasome Apoptosis
SNARE interactions in vesicular transport Oocyte meiosis
2.4 Replication and Repair 4.4 Cell Communication
DNA replication Focal adhesion
Base excision repair Gap junction
Mismatch repair Adherens junction
Homologous recombination Tight junction
3. Environmental Information Processing 5. Organismal Systems
3.1 Membrane Transport 5.1 Immune System
ABC transporters T cell receptor signaling pathway
3.2 Signal Transduction Cytosolic DNA‐sensing pathway
Hedgehog signaling pathway Complement and coagulation cascades
Wnt signaling pathway Fc epsilon RI signaling pathway
MAPK signaling pathway Intestinal immune network for IgA production
Phosphatidylinositol signaling system Natural killer cell mediated cytotoxicity
ErbB signaling pathway B cell receptor signaling pathway
Jak‐STAT signaling pathway Toll‐like receptor signaling pathway
Notch signaling pathway Chemokine signaling pathway
Calcium signaling pathway NOD‐like receptor signaling pathway
VEGF signaling pathway Fc gamma R‐mediated phagocytosis
TGF‐beta signaling pathway Leukocyte transendothelial migration
3.3 Signaling Molecules and Interaction Antigen processing and presentation
Cell adhesion molecules (CAMs) 5.2 Endocrine System
ECM‐receptor interaction PPAR signaling pathway
Neuroactive ligand‐receptor interaction Renin‐angiotensin system
Cytokine‐cytokine receptor interaction Insulin signaling pathway
4.2 Cell Motility GnRH signaling pathway
Regulation of actin cytoskeleton Melanogenesis
10 vs. 5 10 vs. 5
Impact 0 5 10 20
Flux 20 10 0 ‐10 ‐20
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Table 5.5 DAVID chromosome analysis uncovered by the Dynamic Impact Approach in ruminal 
epithelial tissue in response to plane of nutrition. Reported is the overall flux and impact of all 
the pathways in KEGG. Dark green color (with varying shades) denotes inhibition and brown 
color (with varying shades) denotes activation. The bars size in first column of each comparison 
is representing intensity of impact. 
 
 
 
 
 
 
 
 
Time
Chromosome Impact Flux
6
8
26
27
21
9
3
20
5
28
4
16
13
1
24
29
10
7
19
18
12
11
2
14
22
17
25
23
15
Un
10 vs. 5
Impact 0 5 10 20
Flux 20 10 0 ‐10 ‐20
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FIGURES 
  
 
Figure 5.1 Differentially expressed genes (FDR <0.2; P-value <0.15) due to time effect (Week 10 vs. 5) insulin signaling pathway. 
Dark red to light orange shows up regulation; Dark green to light green shows down regulation.  
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Figure 5.2 Differentially expressed genes (FDR <0.20; P-value <0.15) due to time effect (Week 10 vs. 5) in ErbB signaling pathways. 
Dark red to light orange shows up regulation; Dark green to light green shows down regulation.  
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Figure 5.3 Differentially expressed genes (FDR <0.2; P-value <0.15) due to time effect (Week 10 vs. 5) in MAPK signaling 
pathways. Dark red to light orange shows up regulation; Dark green to light green shows down regulation.  
 
 175 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.4 Differentially expressed genes (FDR <0.2; P-value <0.15) due to time effect (Week 10 vs. 5) for cell adhesion molecules. 
Dark red to light orange shows up regulation; Dark green to light green shows down regulation.  
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Figure 5.5 Differentially expressed genes (FDR <0.2; P-value <0.15) due to time effect (Week 10 vs. 5) for JAK-STAT signaling 
molecules. Dark red to light orange shows up regulation; Dark green to light green shows down regulation.  
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OVERALL SUMMARY AND CONCLUSIONS 
 
Diet-dependent functional and metabolic changes in the ruminal epithelium are of 
obvious practical importance. The main findings from this study support the notion of increasing 
dietary protein (i.e. starter quality) soon after weaning to promote the development of rumen 
both at physiological and transcriptome levels. The higher protein intake prior to weaning did not 
directly impact physical development of the rumen at weaning. Similarly, protein intake levels 
during the pre-weaned period did not appear to directly impact physical and metabolic 
development as most of the metabolic function appeared to be inhibited at wk 5 due to ENH. 
Concomitant with the metabolic pathways, a strong inhibition was accompanied in cellular 
signaling pathways and cellular processes. However, calves maintained on enhanced plane of 
nutrition (i.e. better quality starter) gained more reticulo-rumen weight at wk 10 when dry matter 
intake did not differ between the two treatment groups. Most of the signal transduction pathways 
were enhanced in response to higher plane of nutrition and those are known to impact the 
development of tissues and organs. 
Bioinformatics analysis revealed significant modulation of gene expression in response to 
treatment, both within diet and within time effect. A more specific real time q PCR results 
indicated that up regulation of genes related to insulin and IGF-1 signaling due to enhanced milk 
replacer were not associated with differences in reticulo-rumen mass, suggesting that although 
the pre-weaned tissue may be responsive to those hormones, additional mechanisms are required 
to elicit a full pro-developmental response at an early age. Because the rate-limiting ketogenic 
enzyme HMGCS2 was markedly down regulated due to enhanced milk replacer, it could be 
possible that hormones (e.g. insulin induced by the high blood glucose) or lack of ruminaly-
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derived butyrate were limiting factors for reticulo-ruminal development. However, it was evident 
that provision of high-quality starter not only enhanced expression of HMGCS2 and enzymes 
promoting pyruvate metabolism and TCA cycle flux but also led to greater reticulo-ruminal 
tissue mass. Despite a lack of ruminal VFA profiles, the gene expression patterns observed 
across several biological processes provide an indication of causal associations between plane of 
nutrition and molecular mechanisms associated with ruminal tissue development. Overall, results 
from gene expression and tissue mass underscore the importance of high-quality starter 
composition on ruminal development. The relevance of such responses to future productivity 
(e.g. milk production) will have to be evaluated in dairy heifers. 
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FUTURE PERSPECTIVES 
 
The management and feeding plane used in this study has provided the basis to optimize 
animal health and production efficiency. An efficient and early rumen development will not only 
help to support the growth of animal at weaning but also aids to achieve the producer target i.e., 
reducing age at first calving (AFC). Due to change in rumen capacity and greater food 
processing, the pattern of nutrients being delivered to the portal drain viscera, mainly intestine 
and liver, also changes. Thus, peripheral tissue has to respond adequately in response to the shift 
of nutrients. Overall benefit extends to later life of animal, it shows improved development and 
producers can achieve the target of decreasing milk feeding period. 
 Analysis of gene expression in the ruminal epithelial tissue has helped to explore 
numerous biological pathways impacting the development of reticulo-rumen of Holstein bull 
calves. However, the gene expression data supported by western blotting and immunological 
studies will help to elucidate the complete metabolic and functional characterization of the tissue. 
A well-designed study purposely for understanding ontogenic development of the tissue that 
covers the whole period of allometric growth is required. A serial slaughter study covering 
essential time points during rumen development; baseline (0 d), start of feed intake claves (~wk 
2), initiation of development of reticulo-rumen (~wk3) and period of allometric growth will help 
to characterize the initiation point of metabolic development.  
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APPENDIX 
Appendix Table 1. Relative mRNA expression and overall % mRNA abundance among genes investigated in metabolic pathways. 
  Wk 5  Wk 10   P value 
Gene % RNAc CON ENH  CON ENH   Diet Time D × T 
Intracellular activation of VFA prior to            
Acyl-CoA synthetase short-chain (ACSS1)1 0.13 0.04 0.34 -0.20 -0.41 0.82 0.01 0.85 
Ketogenesis         
3-hydroxy-3-methylglutaryl- CoA synthase 2   49.9 0.76* 0.64a* 1.06 0.96b 0.22 0.01 0.92 
3-hydroxybutyrate dehydrogenase, type 1 (BDH1)1 1.67 -0.09 -0.34 0.19 0.17 0.01 0.01 0.29 
3-hydroxymethyl-3- methyl glutaryl-CoA lyase 0.46 -0.71 -0.31 0.20 0.39 0.09 0.01 0.55 
Acetoacetyl-CoA synthetase (AACS)1 0.03 -0.12 0.006 -0.12 0.22 0.86 0.13 0.17 
Acetyl-CoA acyl transferase 1 (ACAT1)1 1.01 -0.18 -0.47 -0.29 -0.27 0.31 0.76 0.24 
Cholesterogenesis         
3-hydroxy-3-methylglutaryl-CoA synthase 1 0.19 -0.002 -0.27 0.08 0.03 0.04 0.01 0.17 
Pyruvate metabolism and TCA cycle flux         
Glutamate dehydrogenase 1 (GLUD1)1 0.19 0.28 -0.18 -0.08 -0.15 0.13 0.33 0.27 
Isocitrate dehydrogenase 1 NADP+, (soluble) 2.25 -0.19 -0.13 -0.08 -0.01 0.51 0.21 0.99 
Lactate dehydrogenase  B (heart; LDHB)1 0.42 0.05 0.02 -0.22 -0.21 0.96 0.12 0.88 
Lactate dehydrogenase A (muscle; LDHA)1 1.67 0.06* -0.2a* 0.11 0.13b 0.03 0.01 0.02 
Malate dehydrogenase 2, NAD (mitochondrial) 1.88 -0.28 -0.13 -0.07 -0.02 0.41 0.19 0.68 
Mitochondrial (aspartate aminotransferase 2) 0.15 -0.25 0.01 0.32 0.19 0.61 0.01 0.13 
Oxoglutarate dehydrogenase (lipoamide) (OGDH)1 1.27 -0.15 -0.08 -0.12 -0.07 0.48 0.82 0.94 
Pyruvate carboxylase (PC)2 0.007 0.81* 1.49a* 0.96 1.01b 0.04 0.35 0.08 
Pyruvate dehydrogenase lipoamide alpha 1 0.91 0.89 0.83 0.81 0.83 0.73 0.37 0.39 
Propionate entry into TCA cycle         
Propionyl-CoA carboxylase (PCCA)1 0.31 -0.06 -0.14 0.22 0.08 0.03 0.01 0.64 
Long chain Fatty acid oxidation         
Acyl-CoA dehydrogenase, short/branched chain 2.14 0.03 -0.24 0.06 -0.33 0.03 0.83 0.69 
Acyl-CoA dehydrogenase family, member 9 0.03 0.21 0.37 0.01 0.11 0.07 0.01 0.65 
Acyl-CoA dehydrogenase, C-2 to C-3 short chain 2.80 -0.13 -0.12 -0.05 0.10 0.49 0.18 0.57 
Carnitine palmitoyl-transferase 1B (CPT1B)1 0.01 -0.07 0.11 -0.33 -0.40 0.63 0.15 0.82 
Carnitine palmitoyl-transferase 1A (CPT1A)1 1.26 0.24 0.51 0.13 -0.12 0.96 0.03 0.12 
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Appendix Table 1 (continued). Relative mRNA expression and overall % mRNA abundance among genes investigated in metabolic 
pathways. 
  Wk 5  Wk 10  P value 
Gene % RNAc CON ENH  CON ENH  Diet Time D × T 
Transcriptional regulation         
Angiopoietin-like 4 (ANGPTL4)1 0.04 -0.04 0.09 -0.27 -0.29 0.61 0.01 0.41 
Peroxisome proliferator-activated receptor-α 0.01 0.84 -0.13 0.11 -0.44 0.06 0.01 0.47 
Peroxisome proliferator-activated receptor- 0.42 -0.28 -0.32 -0.06 -0.02 0.95 0.01 0.47 
Retinoid X receptor-α (RXRA)1 0.13 -0.14 -0.20 -0.35 -0.33 0.12 0.83 0.67 
Retinoid X receptor-β (RXRB)1 0.08 -0.21 -0.006 -0.14 -0.02 0.32 0.79 0.89 
   
  * Means with symbols differ due to diet × time (D × T) within wks at P<0.10. 
  a-b Means with different superscripts denote significant interactions due to diet × time (D × T) between wks at P<0.10. 
  c The % mRNA abundance is calculated by [((1/EΔCt) specific gene/sum (1/EΔCt) all genes)×100].  
  1 Data was not normally distributed. 2 Normally distributed data 
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Appendix Table 2. Relative mRNA expression and overall % mRNA abundance among genes in insulin signaling pathway. 
 
  Wk 5  Wk 10   P value 
Gene % CON ENH  CON ENH   Diet Time D × T 
IGF-1 (IGF1)1 0.14 -0.20 0.04 -0.75 -0.31   0.14 0.05 0.67 
v-akt murine thymoma viral oncogene 1 (AKT1)1 1.67 0.17 0.61 0.08 0.51   0.15 0.76 0.97 
v-akt murine thymoma viral oncogene 2 (AKT2)2 0.04 0.85 1.04 0.89 0.89   0.42 0.62 0.42 
v-akt murine thymoma viral oncogene 3 (AKT3)1 0.71 -0.25* 0.06*a -0.05* -0.32*b   0.76 0.32 0.01 
Forkhead box O1 (FOXO1)1 0.09 -0.04 0.22 -0.09 0.03   0.03 0.19 0.42 
IGF-1 receptor (IGF1R)2 0.12 0.94 1.01 1.20 0.99   0.49 0.19 0.15 
Insulin receptor (INSR)1 0.08 -0.27 0.11 -0.09 0.008   0.04 0.82 0.17 
Phosphoinositide-3-kinase, alpha (PIK3CA)1 0.25 -0.12 -0.03 -0.15 0.03   0.44 0.96 0.79 
* Means with symbols differ due to diet × time (D × T) between wks at P<0.10. 
a-b Means with different superscripts denote significant interactions due to diet × time (D × T) within wks at P<0.10. 
c The % mRNA abundance is calculated by [((1/EΔCt) specific gene/sum (1/EΔCt) all genes) × 100].  
1 Data was not normally distributed. 
2 Normally distributed data. 
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Appendix Table 3. Relative mRNA expression and overall % mRNA abundance among genes investigated in metabolic pathways. 
 
  Wk 5  Wk 10 P value 
Gene % RNAc CON ENH  CON ENH Diet Time D × T 
Transporters          
Anion exchanger isoform 2 (SLC4A2)1 0.06 -0.09 0.09  -0.15 -0.08 0.12 0.06 0.33 
Chloride anion exchanger  (SLC26A3)1 0.76 -3.37 -2.49  -3.08 -2.94 0.06 0.84 0.14 
Proton-coupled amino acid symporter (SLC36A1)1 0.009 0.37 -0.16  -0.41 -0.65 0.12 0.01 0.56 
Na+/HCO3- cotransporter (SLC4A4)1 0.006 0.35 0.19  -0.97 -1.55 0.16 0.01 0.43 
Na+/H+ exchanger (SLC9A2)2 0.69 1.15* 0.63a*  1.40 1.31b 0.02 0.01 0.09 
Monocarboxylic acid transporter 1 (SLC16A1)2 1.06 0.96 0.86  0.99 1.10 0.98 0.24 0.37 
Monocarboxylic acid transporter 4 (SLC16A3)1 0.03 0.19 0.40  0.22 0.21 0.35 0.41 0.27 
Monocarboxylic acid transporter 2 (SLC16A7)1 0.13 -0.02* 0.53a*  -0.28 -0.39b 0.12 0.01 0.02 
Urea transporter (SLC14A1)1 0.06 -2.40 -0.67  0.20 0.11 0.37 0.07 0.32 
ADP-ATP carrier protein (SLC25A4)1 0.32 -0.25 -0.04a  -0.36 -0.51b 0.77 0.01 0.04 
ADP-ATP carrier protein (SLC25A5)2 0.52 0.82 0.98  1.04 0.94 0.75 0.31 0.16 
 
* Means with symbols differ due to diet × time (D × T) within wks at P<0.10. 
a-b Means with different superscripts denote significant interactions due to diet × time (D × T) between wks at P<0.10. 
c The % mRNA abundance is calculated by [((1/EΔCt) specific gene/sum (1/EΔCt) all genes) × 100].  
1 Data was not normally distributed. 
2 Normally distributed data. 
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Appendix Table 4. A complete list of differentially expressed genes-week 5;ENH vs. CON, 
FDR<0.20 and P-value <0.15. 
Oligo Gene ID Gene Symbol FDR P-Value  Fold change 
OLIGO_05638 513994.00 LRRK1 0.18 0.00 0.36
OLIGO_03923 493988.00 SLC14A1 0.20 0.00 0.38
OLIGO_04338 512470.00 DHX29 0.18 0.00 0.44
OLIGO_10757 504735.00 CCT3 0.18 0.00 0.46
OLIGO_10354 521004.00 SLC39A10 0.20 0.00 0.46
OLIGO_06640 404111.00 KRT14 0.18 0.00 0.49
OLIGO_06032 509485.00 PERP 0.04 0.00 0.50
OLIGO_01420 100140898.00 PAPOLB 0.18 0.00 0.54
OLIGO_02617 516405.00 CMBL 0.18 0.01 0.55
OLIGO_08662 505687.00 PLS3 0.07 0.00 0.55
OLIGO_07052 281790.00 GNAI1 0.18 0.00 0.55
OLIGO_09973 508722.00 RBM39 0.20 0.00 0.57
OLIGO_03447 522791.00 RNF11 0.07 0.00 0.57
OLIGO_11289 539853.00 TACSTD2 0.20 0.00 0.57
OLIGO_07946 614851.00 WSB1 0.20 0.01 0.57
OLIGO_10026 506945.00 BHLHB2 0.18 0.00 0.58
OLIGO_04781 538866.00 HIPK3 0.18 0.00 0.58
OLIGO_00193 530358.00 Klf3 0.18 0.00 0.59
OLIGO_08030 287023.00 YBX1 0.15 0.00 0.59
OLIGO_09281 100125883.00 MYST1 0.18 0.00 0.60
OLIGO_11139 510314.00 POMP 0.18 0.00 0.60
OLIGO_09249 513451.00 SFRS11 0.20 0.00 0.60
OLIGO_06691 508169.00 SLC30A5 0.20 0.00 0.60
OLIGO_10738 505515.00 ADH5 0.18 0.00 0.61
OLIGO_10515 504957.00 LRPAP1 0.18 0.00 0.61
OLIGO_06117 508900.00 KIAA0174 0.07 0.00 0.62
OLIGO_06878 540964.00 TCERG1 0.17 0.00 0.62
OLIGO_06884 613808.00 CLK1 0.20 0.00 0.63
OLIGO_09454 787825.00 DYNLL1 0.19 0.00 0.64
OLIGO_08413 281169.00 FNTA 0.20 0.00 0.64
OLIGO_02916 534092.00 DDR1 0.20 0.02 0.64
OLIGO_05747 515105.00 TP73 0.20 0.00 0.66
OLIGO_11267 281877.00 ITGB2 0.18 0.00 0.66
OLIGO_06654 614084.00 NUMB 0.15 0.00 0.66
OLIGO_08208 509625.00 TERF2IP 0.18 0.00 0.67
OLIGO_07617 540187.00 EML4 0.20 0.00 0.67
OLIGO_10601 540965.00 AKT1 0.18 0.00 0.68
OLIGO_09754 510697.00 IFI35 0.19 0.00 0.68
OLIGO_07458 408000.00 SEPT7 0.18 0.00 0.68
OLIGO_07163 326588.00 AK3L1 0.18 0.00 0.69
OLIGO_09965 787512.00 CMTM3 0.18 0.00 0.70
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Appendix Table 4 (continued) A complete list of differentially expressed genes-week 5;ENH 
vs. CON, FDR<0.20 and P-value <0.15. 
Oligo Gene ID Gene Symbol FDR P-Value Fold change
OLIGO_03820 281128.00 DSC2 0.18 0.00 0.70
OLIGO_03058 517876.00 ARID2 0.18 0.00 0.71
OLIGO_11287 780807.00 FXYD3 0.20 0.00 0.72
OLIGO_10138 512413.00 CCDC84 0.18 0.00 0.73
OLIGO_06597 767602.00 AP3B1 0.20 0.01 0.74
OLIGO_05169 538938.00 TLOC1 0.18 0.01 0.75
OLIGO_05487 510810.00 WHDC1 0.18 0.02 0.76
OLIGO_06842 514603.00 SEPT10 0.19 0.03 0.79
OLIGO_13105 615037.00 BMP2 0.18 0.02 0.82
OLIGO_11889 281189.00 GFAP 0.18 0.00 1.18
OLIGO_10634 505314.00 UBE2T 0.20 0.01 1.24
OLIGO_01608 540032.00 LOC116143 0.15 0.00 1.27
OLIGO_08972 509187.00 ZNHIT4 0.20 0.00 1.30
OLIGO_01178 613633.00 SPRED3 0.18 0.00 1.31
OLIGO_01035 511234.00 NOSIP 0.18 0.00 1.32
OLIGO_12969 505819.00 MASP2 0.15 0.00 1.33
OLIGO_05464 520046.00 DHX38 0.18 0.00 1.34
OLIGO_05975 540769.00 WHSC1 0.20 0.00 1.35
OLIGO_00712 523375.00 Nanos3 0.12 0.00 1.35
OLIGO_11000 531886.00 TRIM71 0.18 0.00 1.40
OLIGO_01274 541228.00 THSD1 0.18 0.00 1.46
OLIGO_00040 617609.00 POMT1 0.20 0.00 1.48
OLIGO_05627 614876.00 LMO2 0.18 0.00 1.51
OLIGO_05800 536625.00 EVI5L 0.18 0.00 1.58
OLIGO_03270 514514.00 CELSR3 0.15 0.00 1.61
OLIGO_05035 526227.00 Rps6ka6 0.14 0.00 1.73
OLIGO_11506 508076.00 COL18A1 0.01 0.00 1.79
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Appendix Table 5. A complete list of differentially expressed genes within diet-week 10;ENH 
vs. CON, FDR<0.20 and P-value <0.15.  
 
Oligo Gene ID Gene Symbol FDR P Value  Fold change
OLIGO_11506 508076.00 COL18A1 0.01 0.00 0.60
OLIGO_05627 614876.00 LMO2 0.18 0.04 0.79
OLIGO_01035 511234.00 NOSIP 0.18 0.02 0.81
OLIGO_01608 540032.00 LOC116143 0.15 0.01 0.83
OLIGO_10634 505314.00 UBE2T 0.20 0.02 0.84
OLIGO_11000 531886.00 TRIM71 0.18 0.06 0.85
OLIGO_05800 536625.00 EVI5L 0.18 0.12 0.85
OLIGO_12969 505819.00 MASP2 0.15 0.03 0.86
OLIGO_05464 520046.00 DHX38 0.18 0.06 0.87
OLIGO_00712 523375.00 Nanos3 0.12 0.05 0.89
OLIGO_01178 613633.00 SPRED3 0.18 0.14 0.91
OLIGO_11889 281189.00 GFAP 0.18 0.10 0.93
OLIGO_06032 509485.00 PERP 0.04 0.14 1.15
OLIGO_10601 540965.00 AKT1 0.18 0.11 1.15
OLIGO_06878 540964.00 TCERG1 0.17 0.12 1.16
OLIGO_11267 281877.00 ITGB2 0.18 0.13 1.16
OLIGO_11287 780807.00 FXYD3 0.20 0.08 1.17
OLIGO_10738 505515.00 ADH5 0.18 0.14 1.18
OLIGO_06654 614084.00 NUMB 0.15 0.06 1.18
OLIGO_06117 508900.00 KIAA0174 0.07 0.05 1.19
OLIGO_10138 512413.00 CCDC84 0.18 0.03 1.19
OLIGO_11139 510314.00 POMP 0.18 0.12 1.21
OLIGO_07052 281790.00 GNAI1 0.18 0.11 1.23
OLIGO_07458 408000.00 SEPT7 0.18 0.03 1.23
OLIGO_05169 538938.00 TLOC1 0.18 0.02 1.23
OLIGO_04781 538866.00 HIPK3 0.18 0.09 1.24
OLIGO_00193 530358.00 Klf3 0.18 0.09 1.24
OLIGO_10515 504957.00 LRPAP1 0.18 0.08 1.24
OLIGO_08413 281169.00 FNTA 0.20 0.08 1.24
OLIGO_10026 506945.00 BHLHB2 0.18 0.08 1.25
OLIGO_07163 326588.00 AK3L1 0.18 0.03 1.26
OLIGO_13105 615037.00 BMP2 0.18 0.00 1.29
OLIGO_08208 509625.00 TERF2IP 0.18 0.02 1.29
OLIGO_08662 505687.00 PLS3 0.07 0.02 1.31
OLIGO_06597 767602.00 AP3B1 0.20 0.01 1.33
OLIGO_06842 514603.00 SEPT10 0.19 0.00 1.36
OLIGO_05487 510810.00 WHDC1 0.18 0.00 1.39
OLIGO_03447 522791.00 RNF11 0.07 0.01 1.39
OLIGO_07946 614851.00 WSB1 0.20 0.03 1.46
OLIGO_06544 515465.00 ICT1 0.20 0.00 1.54
OLIGO_02916 534092.00 DDR1 0.20 0.01 1.56
OLIGO_02617 516405.00 CMBL 0.18 0.01 1.67
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Appendix Table 6. A complete list of differentially expressed genes within week effect-ENH;10 
vs. 5, FDR<0.20 and P-value <0.15. 
  
Oligo Gene ID Gene Symbol FDR P Value  Fold change 
OLIGO_11506 508076 COL18A1 0.01 0.01 0.60 
OLIGO_03270 514514 CELSR3 0.15 0.01 0.64 
OLIGO_05627 614876 LMO2 0.18 0.01 0.69 
OLIGO_05800 536625 EVI5L 0.18 0.01 0.69 
OLIGO_05035 526227 Rps6ka6 0.14 0.01 0.71 
OLIGO_01035 511234 NOSIP 0.18 0.01 0.76 
OLIGO_11000 531886 TRIM71 0.18 0.01 0.76 
OLIGO_01274 541228 THSD1 0.18 0.01 0.77 
OLIGO_05975 540769 WHSC1 0.20 0.01 0.77 
OLIGO_01608 540032 LOC116143 0.15 0.01 0.77 
OLIGO_05464 520046 DHX38 0.18 0.01 0.78 
OLIGO_12969 505819 MASP2 0.15 0.01 0.79 
OLIGO_00712 523375 Nanos3 0.12 0.01 0.79 
OLIGO_00040 617609 POMT1 0.20 0.01 0.82 
OLIGO_10634 505314 UBE2T 0.20 0.01 0.83 
OLIGO_11889 281189 GFAP 0.18 0.01 0.83 
OLIGO_08972 509187 ZNHIT4 0.20 0.01 0.84 
OLIGO_01178 613633 SPRED3 0.18 0.01 0.84 
OLIGO_06884 613808 CLK1 0.20 0.06 1.17 
OLIGO_06842 514603 SEPT10 0.19 0.06 1.19 
OLIGO_13105 615037 BMP2 0.18 0.01 1.21 
OLIGO_09973 508722 RBM39 0.20 0.10 1.22 
OLIGO_09754 510697 IFI35 0.19 0.01 1.30 
OLIGO_03058 517876 ARID2 0.18 0.01 1.33 
OLIGO_07052 281790 GNAI1 0.18 0.02 1.34 
OLIGO_06654 614084 NUMB 0.15 0.01 1.35 
OLIGO_11287 780807 FXYD3 0.20 0.01 1.39 
OLIGO_10138 512413 CCDC84 0.18 0.01 1.39 
OLIGO_05169 538938 TLOC1 0.18 0.01 1.40 
OLIGO_05747 515105 TP73 0.20 0.01 1.40 
OLIGO_07458 408000 SEPT7 0.18 0.01 1.42 
OLIGO_10026 506945 BHLHB2 0.18 0.01 1.43 
OLIGO_02916 534092 DDR1 0.20 0.02 1.44 
OLIGO_09454 787825 DYNLL1 0.19 0.01 1.44 
OLIGO_09249 513451 SFRS11 0.20 0.01 1.45 
OLIGO_06691 508169 SLC30A5 0.20 0.01 1.46 
OLIGO_01420 100140898 PAPOLB 0.18 0.01 1.46 
OLIGO_10738 505515 ADH5 0.18 0.01 1.47 
OLIGO_05487 510810 WHDC1 0.18 0.01 1.48 
OLIGO_06117 508900 KIAA0174 0.07 0.01 1.49 
OLIGO_09965 787512 CMTM3 0.18 0.01 1.50 
OLIGO_10601 540965 AKT1 0.18 0.01 1.50 
OLIGO_06878 540964 TCERG1 0.17 0.01 1.51 
OLIGO_07163 326588 AK3L1 0.18 0.01 1.52 
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Appendix Table 6 (continued). A complete list of differentially expressed genes within week 
effect-ENH;10 vs. 5, FDR<0.20 and P-value <0.15. 
 
Oligo Gene ID Gene Symbol FDR P Value  Fold change 
OLIGO_09281 100125883 MYST1 0.18 0.01 1.54 
OLIGO_10515 504957 LRPAP1 0.18 0.01 1.55 
OLIGO_06597 767602 AP3B1 0.20 0.01 1.57 
OLIGO_03820 281128 DSC2 0.18 0.01 1.59 
OLIGO_11289 539853 TACSTD2 0.20 0.01 1.64 
OLIGO_11139 510314 POMP 0.18 0.01 1.65 
OLIGO_08208 509625 TERF2IP 0.18 0.01 1.65 
OLIGO_06544 515465 ICT1 0.20 0.01 1.66 
OLIGO_11267 281877 ITGB2 0.18 0.01 1.67 
OLIGO_08662 505687 PLS3 0.07 0.01 1.70 
OLIGO_03447 522791 RNF11 0.07 0.01 1.77 
OLIGO_10757 504735 CCT3 0.18 0.01 1.77 
OLIGO_08413 281169 FNTA 0.20 0.01 1.78 
OLIGO_07946 614851 WSB1 0.20 0.01 1.79 
OLIGO_08030 287023 YBX1 0.15 0.01 1.79 
OLIGO_00193 530358 Klf3 0.18 0.01 1.82 
OLIGO_04781 538866 HIPK3 0.18 0.01 1.94 
OLIGO_02617 516405 CMBL 0.18 0.01 2.11 
OLIGO_06640 404111 KRT14 0.18 0.01 2.13 
OLIGO_06032 509485 PERP 0.04 0.01 2.17 
OLIGO_04338 512470 DHX29 0.18 0.01 2.39 
OLIGO_05638 513994 LRRK1 0.18 0.01 2.44 
OLIGO_03923 493988 SLC14A1 0.20 0.01 3.10 
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Appendix Table 7. A complete list of differentially expressed genes within week effect-CON;10 
vs. 5, FDR<0.20 and P-value <0.15. 
 
Oligo Gene ID Gene Symbol FDR P Value Fold 
change 
OLIGO_10354 521004 SLC39A10 0.20 0.01 0.44 
OLIGO_02916 534092 DDR1 0.20 0.01 0.59 
OLIGO_07052 281790 GNAI1 0.18 0.01 0.60 
OLIGO_09973 508722 RBM39 0.20 0.01 0.61 
OLIGO_10026 506945 BHLHB2 0.18 0.01 0.66 
OLIGO_01420 100140898 PAPOLB 0.18 0.01 0.66 
OLIGO_07617 540187 EML4 0.20 0.01 0.66 
OLIGO_06842 514603 SEPT10 0.19 0.01 0.69 
OLIGO_02617 516405 CMBL 0.18 0.08 0.70 
OLIGO_07946 614851 WSB1 0.20 0.07 0.70 
OLIGO_08662 505687 PLS3 0.07 0.01 0.71 
OLIGO_03447 522791 RNF11 0.07 0.01 0.72 
OLIGO_06884 613808 CLK1 0.20 0.01 0.73 
OLIGO_06654 614084 NUMB 0.15 0.01 0.76 
OLIGO_06691 508169 SLC30A5 0.20 0.04 0.76 
OLIGO_09249 513451 SFRS11 0.20 0.04 0.76 
OLIGO_10738 505515 ADH5 0.18 0.03 0.76 
OLIGO_10515 504957 LRPAP1 0.18 0.05 0.76 
OLIGO_13105 615037 BMP2 0.18 0.01 0.77 
OLIGO_06117 508900 KIAA0174 0.07 0.01 0.77 
OLIGO_07458 408000 SEPT7 0.18 0.03 0.79 
OLIGO_09454 787825 DYNLL1 0.19 0.05 0.79 
OLIGO_06878 540964 TCERG1 0.17 0.04 0.80 
OLIGO_05487 510810 WHDC1 0.18 0.07 0.81 
OLIGO_11139 510314 POMP 0.18 0.14 0.82 
OLIGO_05747 515105 TP73 0.20 0.07 0.82 
OLIGO_10757 504735 CCT3 0.18 0.15 0.83 
OLIGO_09754 510697 IFI35 0.19 0.04 0.83 
OLIGO_07163 326588 AK3L1 0.18 0.11 0.84 
OLIGO_09281 100125883 MYST1 0.18 0.12 0.84 
OLIGO_10138 512413 CCDC84 0.18 0.07 0.85 
OLIGO_05169 538938 TLOC1 0.18 0.10 0.85 
OLIGO_11287 780807 FXYD3 0.20 0.12 0.86 
OLIGO_03058 517876 ARID2 0.18 0.08 0.86 
OLIGO_08972 509187 ZNHIT4 0.20 0.08 1.10 
OLIGO_01608 540032 LOC116143 0.15 0.02 1.18 
OLIGO_00040 617609 POMT1 0.20 0.03 1.19 
OLIGO_01274 541228 THSD1 0.18 0.05 1.19 
OLIGO_01178 613633 SPRED3 0.18 0.01 1.20 
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Appendix Table 7 (continued). A complete list of differentially expressed genes within week 
effect-CON;10 vs. 5, FDR<0.20 and P-value <0.15. 
 
Oligo Gene ID Gene Symbol FDR P value Fold 
change 
OLIGO_05464 520046 DHX38 0.18 0.03 1.20 
OLIGO_00712 523375 Nanos3 0.12 0.01 1.21 
OLIGO_12969 505819 MASP2 0.15 0.01 1.22 
OLIGO_10634 505314 UBE2T 0.20 0.01 1.22 
OLIGO_01035 511234 NOSIP 0.18 0.03 1.23 
OLIGO_11000 531886 TRIM71 0.18 0.02 1.25 
OLIGO_05800 536625 EVI5L 0.18 0.03 1.28 
OLIGO_05035 526227 Rps6ka6 0.14 0.01 1.32 
OLIGO_05627 614876 LMO2 0.18 0.03 1.33 
OLIGO_11506 508076 COL18A1 0.01 0.01 1.78 
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Appendix Table 8. A complete list of differentially expressed genes due to week effect-10 vs. 5, 
FDR<0.20 and P-value <0.15. 
  
Oligos Gene ID Gene Symbol FDR P value Fold 
change 
OLIGO_01480 280695 MB 0.15 0.01 0.88 
OLIGO_10803 280794 FN1 0.14 0.01 0.77 
OLIGO_11825 280799 GAL 0.05 0.01 0.78 
OLIGO_13171 280830 IVL 0.19 0.01 1.44 
OLIGO_11843 280881 NTS 0.13 0.01 1.82 
OLIGO_11285 280924 SCD 0.02 0.01 2.62 
OLIGO_04291 280939 TEK 0.19 0.01 0.75 
OLIGO_11696 280946 TST 0.14 0.01 1.33 
OLIGO_06432 280981 ADFP 0.16 0.01 1.78 
OLIGO_00010 280993 ALPI 0.16 0.01 0.80 
OLIGO_08990 281031 BTF3 0.11 0.01 1.39 
OLIGO_04931 281040 CAV1 0.09 0.01 0.69 
OLIGO_10475 281049 CD24 0.07 0.01 1.71 
OLIGO_05351 281055 CD3G 0.01 0.01 2.56 
OLIGO_12233 281092 CROT 0.04 0.01 1.83 
OLIGO_08739 281108 CTSL2 0.19 0.01 1.38 
OLIGO_11877 281125 DRD1 0.09 0.01 1.69 
OLIGO_03820 281128 DSC2 0.05 0.01 1.27 
OLIGO_10327 281129 DSC3 0.12 0.01 1.64 
OLIGO_08413 281169 FNTA 0.19 0.01 1.28 
OLIGO_07281 281173 FTH1 0.04 0.01 1.73 
OLIGO_02455 281179 G6PD 0.07 0.01 0.81 
OLIGO_11888 281184 ASZ1 0.20 0.01 0.63 
OLIGO_11890 281190 GGCX 0.13 0.01 1.31 
OLIGO_11412 281199 GLUL 0.17 0.01 0.76 
OLIGO_00068 281210 GPX3 0.10 0.01 1.36 
OLIGO_08296 281235 IDH1 0.12 0.01 1.57 
OLIGO_11908 281296 MAPT 0.02 0.01 1.40 
OLIGO_09153 281333 MUC1 0.13 0.01 1.77 
OLIGO_10868 281341 MYL6 0.12 0.01 0.76 
OLIGO_04222 281375 SERPINE1 0.19 0.01 0.77 
OLIGO_11932 281453 RGS9 0.01 0.01 0.55 
OLIGO_06557 281486 SELP 0.18 0.01 1.36 
OLIGO_06535 281544 TPM1 0.16 0.01 0.70 
OLIGO_11055 281564 UGDH 0.09 0.01 1.54 
OLIGO_11971 281654 CABP2 0.10 0.01 0.84 
OLIGO_06581 281719 CRYAB 0.20 0.01 1.73 
OLIGO_11994 281733 CXADR 0.07 0.01 1.32 
OLIGO_11994 281733 CXADR 0.16 0.01 0.68 
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Appendix Table 8 (continued). A complete list of differentially expressed genes due to week 
effect-10 vs. 5, FDR<0.20 and P-value <0.15. 
 
Oligos Gene ID Gene Symbol FDR P value Fold 
change 
OLIGO_11998 281740 CYP19A1 0.11 0.01 0.38 
OLIGO_10522 281760 FABP5 0.18 0.01 1.61 
OLIGO_05991 281780 GLT6D1 0.20 0.01 0.83 
OLIGO_07935 281805 GSTA2 0.20 0.01 1.40 
OLIGO_04474 281839 ICAM1 0.09 0.01 1.57 
OLIGO_04005 281848 IGF1R 0.15 0.01 0.77 
OLIGO_11267 281877 ITGB2 0.13 0.01 1.26 
OLIGO_12029 281881 KCNH1 0.10 0.01 0.60 
OLIGO_12037 281905 LTBP2 0.10 0.01 1.27 
OLIGO_12038 281908 MFAP5 0.19 0.01 0.79 
OLIGO_01326 281945 NR2F2 0.14 0.01 0.68 
OLIGO_12045 281948 NR5A1 0.10 0.01 1.82 
OLIGO_11303 281960 POSTN 0.15 0.01 0.72 
OLIGO_08470 281983 PLAUR 0.06 0.01 1.28 
OLIGO_12058 281991 POLD2 0.13 0.01 1.31 
OLIGO_12072 282071 SFTPC 0.19 0.01 0.86 
OLIGO_12073 282081 SOCS3 0.05 0.01 1.12 
OLIGO_12074 282088 TACR2 0.10 0.01 0.81 
OLIGO_08560 282094 TIMP3 0.17 0.01 0.79 
OLIGO_12090 282181 CHRNB4 0.09 0.01 1.24 
OLIGO_11084 282187 COL1A1 0.13 0.01 0.78 
OLIGO_09395 282191 COL4A1 0.13 0.01 0.70 
OLIGO_10509 282199 COX6A1 0.18 0.01 1.37 
OLIGO_10876 282272 MAN2B1 0.20 0.01 1.40 
OLIGO_02867 282301 CN439298 0.16 0.01 0.79 
OLIGO_08455 282303 PECAM1 0.13 0.01 0.82 
OLIGO_07496 282309 PIK4CA 0.18 0.01 1.18 
OLIGO_05881 282323 PRKACB 0.05 0.01 0.59 
OLIGO_12134 282401 ADAMTS2 0.16 0.01 0.79 
OLIGO_07092 282466 S100A10 0.09 0.01 1.42 
OLIGO_03695 282572 KCNJ8 0.15 0.01 1.60 
OLIGO_10518 282662 VCAN 0.07 0.01 1.46 
OLIGO_12167 282709 RHBG 0.09 0.01 1.57 
OLIGO_02009 282875 PRKRA 0.12 0.01 0.68 
OLIGO_08142 286808 MDFI 0.19 0.01 0.84 
OLIGO_09500 286838 NDST2 0.04 0.01 3.09 
OLIGO_00565 286849 CD40 0.13 0.01 1.33 
OLIGO_12189 286856 PRLH 0.13 0.01 1.18 
OLIGO_12190 286864 LIPT1 0.17 0.01 1.31 
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Appendix Table 8 (continued). A complete list of differentially expressed genes due to week 
effect-10 vs. 5, FDR<0.20 and P-value <0.15. 
 
Oligos Gene ID Gene Symbol FDR P value Fold 
change 
OLIGO_10501 286868 RPLP0 0.10 0.01 1.28 
OLIGO_06770 286880 PPM1G 0.13 0.01 0.89 
OLIGO_12192 286882 C20orf70 0.07 0.01 0.46 
OLIGO_08030 287023 YBX1 0.09 0.01 1.30 
OLIGO_09895 317658 HMGCL 0.17 0.01 1.32 
OLIGO_12204 319095 ADCYAP1R1 0.19 0.01 0.84 
OLIGO_01618 326284 FGF8 0.07 0.01 1.45 
OLIGO_06772 327682 GNB2L1 0.15 0.01 1.21 
OLIGO_10787 327953 HDGF 0.20 0.01 1.21 
OLIGO_06135 337912 CTSE 0.16 0.01 1.43 
OLIGO_01056 337927 MTCH2 0.15 0.01 1.38 
OLIGO_06682 338055 COPG 0.13 0.01 1.33 
OLIGO_03804 338072 SMARCAL1 0.03 0.01 1.65 
OLIGO_12492 353105 STAT6 0.09 0.01 0.72 
OLIGO_12276 360007 TFPI2 0.11 0.01 0.75 
OLIGO_06640 404111 KRT14 0.07 0.01 1.45 
OLIGO_10607 404122 ACTG1 0.16 0.01 1.27 
OLIGO_07153 404186 IGFBP6 0.15 0.01 0.82 
OLIGO_11203 404188 NDUFA9 0.10 0.01 1.37 
OLIGO_13152 407109 PDHA1 0.01 0.01 0.44 
OLIGO_13152 407109 PDHA1 0.19 0.01 0.43 
OLIGO_04579 407154 GJB2 0.20 0.01 1.26 
OLIGO_05793 407157 AGTR2 0.17 0.01 0.68 
OLIGO_11801 407768 ST8SIA4 0.16 0.01 1.55 
OLIGO_05095 408017 INSR 0.12 0.01 0.60 
OLIGO_10106 444860 DCBLD2 0.11 0.01 1.37 
OLIGO_05994 444864 PEG3 0.09 0.01 0.65 
OLIGO_01319 444868 SLBP 0.16 0.01 0.83 
OLIGO_00390 444987 NEIL2 0.18 0.01 0.80 
OLIGO_06437 493710 TNFAIP6 0.02 0.01 1.48 
OLIGO_11031 493719 MGST1 0.19 0.01 1.30 
OLIGO_03923 493988 SLC14A1 0.09 0.01 1.76 
OLIGO_11361 497015 TPM2 0.06 0.01 0.61 
OLIGO_07014 504201 MYL4 0.12 0.01 0.86 
OLIGO_02260 504225 C11orf17 0.02 0.01 0.68 
OLIGO_08277 504242 HDAC5 0.11 0.01 0.70 
OLIGO_05395 504409 RBM26 0.19 0.01 1.29 
OLIGO_06760 504458 MLLT1 0.12 0.01 1.45 
OLIGO_11302 504471 PCOLCE 0.09 0.01 0.80 
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Appendix Table 8 (continued).  A complete list of differentially expressed genes due to week 
effect-10 vs. 5, FDR<0.20 and P-value <0.15. 
 
Oligos Gene ID Gene Symbol FDR P value Fold 
change 
OLIGO_04585 504502 CPT2 0.19 0.01 1.26 
OLIGO_12440 504602 TTC1 0.11 0.01 1.51 
OLIGO_05971 504647 RAD9A 0.18 0.01 0.83 
OLIGO_09705 504650 DENND2D 0.05 0.01 1.75 
OLIGO_07776 504658 Serinc5 0.07 0.01 1.30 
OLIGO_07835 504785 RABEP1 0.20 0.01 0.83 
OLIGO_05492 504797 TRERF1 0.15 0.01 1.47 
OLIGO_06905 504831 CNBP 0.11 0.01 0.83 
OLIGO_09803 504856 MLLT4 0.10 0.01 0.46 
OLIGO_10590 504876 RPL23 0.15 0.01 1.24 
OLIGO_08941 505054 SCPEP1 0.05 0.01 1.57 
OLIGO_00044 505060 CYP51 0.18 0.01 1.50 
OLIGO_06488 505075 WNT6 0.15 0.01 0.77 
OLIGO_08124 505152 POLG2 0.12 0.01 1.45 
OLIGO_10454 505159 MGC19604 0.04 0.01 0.65 
OLIGO_01908 505238 RALB 0.10 0.01 1.24 
OLIGO_05330 505251 ELF1 0.09 0.01 0.75 
OLIGO_11354 505258 GYG2 0.19 0.01 1.16 
OLIGO_09771 505297 PPP1R7 0.08 0.01 1.41 
OLIGO_07038 505318 OLFML3 0.10 0.01 0.81 
OLIGO_01791 505351 NUCB1 0.17 0.01 0.75 
OLIGO_06292 505358 BRD2 0.15 0.01 0.78 
OLIGO_13096 505383 DLG2 0.10 0.01 0.61 
OLIGO_11735 505581 GRAMD1C 0.09 0.01 0.51 
OLIGO_10532 505599 POLR2H 0.06 0.01 2.60 
OLIGO_03705 505809 FPGS 0.16 0.01 1.24 
OLIGO_11439 505818 PPP1R13L 0.07 0.01 1.25 
OLIGO_12708 505828 PARP2 0.07 0.01 0.72 
OLIGO_06140 505850 EIF4B 0.07 0.01 1.25 
OLIGO_04239 505890 ADAMDEC1 0.12 0.01 3.33 
OLIGO_08230 505945 SRPK2 0.09 0.01 1.38 
OLIGO_02095 506130 KIAA1737 0.15 0.01 1.19 
OLIGO_10886 506146 LOC506146 0.13 0.01 0.55 
OLIGO_06710 506229 CCT6A 0.09 0.01 1.26 
OLIGO_03651 506239 SPTBN2 0.10 0.01 0.76 
OLIGO_08997 506325 ZMYND11 0.11 0.01 0.75 
OLIGO_08379 506331 CRSP7 0.19 0.01 1.42 
OLIGO_03789 506374 EPS15L1 0.19 0.01 1.39 
OLIGO_11626 506537 ALG14 0.04 0.01 1.54 
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Appendix Table 8 (continued). A complete list of differentially expressed genes due to week 
effect-10 vs. 5, FDR<0.20 and P-value <0.15. 
 
Oligos Gene ID Gene Symbol FDR P value Fold 
change 
OLIGO_04399 506612 DTNBP1 0.16 0.01 1.25 
OLIGO_13098 506738 NUP155 0.16 0.01 1.30 
OLIGO_10753 506812 Cpt1a 0.15 0.01 0.78 
OLIGO_00248 507032 PDCD2L 0.09 0.01 0.71 
OLIGO_01312 507119 LOC507119 0.17 0.01 0.74 
OLIGO_01487 507125 C1orf50 0.17 0.01 1.18 
OLIGO_03758 507133 COL7A1 0.06 0.01 0.73 
OLIGO_06079 507188 GLB1 0.20 0.01 0.77 
OLIGO_01168 507203 ANP32E 0.18 0.01 0.69 
OLIGO_00325 507276 DHRS12 0.12 0.01 1.70 
OLIGO_08730 507319 EFNA1 0.19 0.01 1.21 
OLIGO_11436 507329 INPP5D 0.16 0.01 1.32 
OLIGO_06687 507346 MGST3 0.17 0.01 1.32 
OLIGO_12377 507367 PDK4 0.12 0.01 0.64 
OLIGO_08970 507410 POP5 0.19 0.01 0.81 
OLIGO_00771 507414 PIK3R4 0.16 0.01 0.81 
OLIGO_04430 507427 RIPK3 0.18 0.01 1.22 
OLIGO_04721 507498 CKAP2L 0.19 0.01 0.80 
OLIGO_07610 507647 DSCR3 0.14 0.01 0.84 
OLIGO_03841 507686 SLC25A29 0.12 0.01 0.85 
OLIGO_02663 507699 HIF3A 0.11 0.01 0.72 
OLIGO_07540 507725 C10orf84 0.09 0.01 1.83 
OLIGO_07503 508049 POLR3D 0.15 0.01 0.80 
OLIGO_09816 508100 CDK5RAP2 0.08 0.01 0.82 
OLIGO_09981 508132 NAGK 0.19 0.01 0.73 
OLIGO_06598 508170 MCEE 0.13 0.01 1.51 
OLIGO_13206 508189 LONRF3 0.14 0.01 1.33 
OLIGO_07922 508246 MYST2 0.16 0.01 0.71 
OLIGO_12914 508365 BCL2L14 0.16 0.01 1.64 
OLIGO_09804 508387 CCL26 0.07 0.01 2.27 
OLIGO_03634 508399 ABCC10 0.07 0.01 0.85 
OLIGO_09798 508404 KIF3B 0.17 0.01 0.78 
OLIGO_12329 508510 SCAMP5 0.02 0.01 1.42 
OLIGO_12614 508712 CCBL2 0.11 0.01 1.46 
OLIGO_08879 508717 ABHD2 0.13 0.01 1.53 
OLIGO_04029 508763 TFPI 0.02 0.01 0.64 
OLIGO_07102 508861 SAT1 0.16 0.01 1.31 
OLIGO_12371 508932 IL11RA 0.19 0.01 1.21 
OLIGO_11077 508944 DUSP11 0.08 0.01 1.43 
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Appendix Table 8 (continued). A complete list of differentially expressed genes due to week 
effect-10 vs. 5, FDR<0.20 and P-value <0.15. 
 
Oligos Gene ID Gene Symbol FDR P value Fold 
change 
OLIGO_11727 508958 SLC26A9 0.13 0.01 0.63 
OLIGO_10782 508999 KLC1 0.10 0.01 0.78 
OLIGO_08429 509244 TMX2 0.06 0.01 1.33 
OLIGO_04891 509386 TSPAN17 0.14 0.01 1.25 
OLIGO_04923 509418 CSF1R 0.12 0.01 0.72 
OLIGO_12905 509429 LARS 0.19 0.01 1.22 
OLIGO_08721 509471 UBE2L6 0.19 0.01 1.20 
OLIGO_06032 509485 PERP 0.02 0.01 1.44 
OLIGO_06359 509643 PROSC 0.19 0.01 0.76 
OLIGO_12513 509744 ADH1C 0.15 0.01 2.51 
OLIGO_12709 509871 NMD3 0.17 0.01 0.80 
OLIGO_10098 509969 CLSTN3 0.06 0.01 0.79 
OLIGO_01409 509971 ANGPTL1 0.13 0.01 0.48 
OLIGO_06382 509976 SERPINI1 0.09 0.01 0.44 
OLIGO_12379 509983 SUCLG1 0.07 0.01 1.30 
OLIGO_02439 510040 LOC161247 0.09 0.01 1.38 
OLIGO_09382 510069 PSMB6 0.13 0.01 1.31 
OLIGO_11110 510082 PRPH 0.11 0.01 1.23 
OLIGO_11587 510120 MCM2 0.06 0.01 0.81 
OLIGO_11512 510165 HPS5 0.19 0.01 1.32 
OLIGO_04502 510238 PPM1M 0.16 0.01 0.84 
OLIGO_10659 510276 RASSF1 0.20 0.01 0.88 
OLIGO_04854 510329 ATP2C2 0.07 0.01 0.75 
OLIGO_12711 510551 ADH6 0.05 0.01 1.73 
OLIGO_06187 510841 PDK3 0.19 0.01 1.32 
OLIGO_08945 510920 CCRK 0.12 0.01 0.85 
OLIGO_02933 510978 PMM2 0.10 0.01 0.79 
OLIGO_11522 511018 BCAP29 0.11 0.01 1.38 
OLIGO_03869 511030 GOSR1 0.17 0.01 1.18 
OLIGO_04176 511121 USP47 0.16 0.01 0.84 
OLIGO_10285 511124 IMPA2 0.15 0.01 1.30 
OLIGO_03580 511211 SPOCK1 0.20 0.01 0.64 
OLIGO_06160 511224 NFATC1 0.08 0.01 1.23 
OLIGO_08356 511350 CC2D1B 0.11 0.01 1.28 
OLIGO_09077 511414 PPP1R13B 0.18 0.01 1.46 
OLIGO_12382 511430 MUC13 0.11 0.01 1.22 
OLIGO_10116 511587 POLR1E 0.13 0.01 0.71 
OLIGO_05699 511602 COL4A5 0.05 0.01 0.61 
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Appendix Table 8 (continued). A complete list of differentially expressed genes due to week 
effect-10 vs. 5, FDR<0.20 and P-value <0.15. 
 
Oligos Gene ID Gene Symbol FDR P value Fold 
change 
OLIGO_04425 511676 PES1 0.04 0.01 1.71 
OLIGO_09075 511680 TRIOBP 0.19 0.01 0.85 
OLIGO_10013 511774 C1QTNF1 0.04 0.01 1.32 
OLIGO_06372 511803 PSMD1 0.10 0.01 1.29 
OLIGO_11272 511854 FBLN2 0.16 0.01 0.86 
OLIGO_06166 511861 SERINC3 0.08 0.01 1.66 
OLIGO_10076 511951 DDB1 0.06 0.01 0.74 
OLIGO_00851 511983 SCRN3 0.08 0.01 1.55 
OLIGO_07973 512041 EBNA1BP2 0.13 0.01 1.35 
OLIGO_03775 512062 YRDC 0.13 0.01 0.71 
OLIGO_08302 512180 KIAA0494 0.13 0.01 1.42 
OLIGO_08091 512302 CDH13 0.19 0.01 0.73 
OLIGO_13011 512318 SLU7 0.07 0.01 1.73 
OLIGO_04338 512470 DHX29 0.09 0.01 1.52 
OLIGO_05664 512593 FGD2 0.19 0.01 0.85 
OLIGO_13066 512613 CDKN1B 0.02 0.01 1.53 
OLIGO_02483 512642 TRAFD1 0.07 0.01 0.66 
OLIGO_03472 512717 RCN2 0.16 0.01 0.79 
OLIGO_06202 512799 LOC512799 0.17 0.01 0.87 
OLIGO_12681 512856 SLC26A3 0.06 0.01 2.13 
OLIGO_12862 512877 CENPI 0.04 0.01 0.72 
OLIGO_12619 512912 TUBGCP5 0.18 0.01 1.22 
OLIGO_07739 512939 KRBA1 0.12 0.01 1.25 
OLIGO_11065 513222 RPGR 0.18 0.01 1.21 
OLIGO_02201 513236 TIGD3 0.17 0.01 0.87 
OLIGO_03281 513276 RBKS 0.11 0.01 1.28 
OLIGO_03396 513389 DGKH 0.09 0.01 0.70 
OLIGO_13146 513432 PAK7 0.18 0.01 1.42 
OLIGO_05680 513483 FBP1 0.14 0.01 1.45 
OLIGO_08193 513525 PSMD13 0.13 0.01 1.25 
OLIGO_08715 513536 C20orf43 0.14 0.01 1.18 
OLIGO_01214 513678 CHEK1 0.07 0.01 0.49 
OLIGO_05504 513714 KRR1 0.07 0.01 2.28 
OLIGO_12687 513750 TCFL5 0.11 0.01 1.21 
OLIGO_08753 513774 AKAP12 0.11 0.01 0.71 
OLIGO_10104 513802 LOC513802 0.15 0.01 1.49 
OLIGO_06267 513843 MLF2 0.19 0.01 1.26 
OLIGO_05379 513922 GTPBP1 0.15 0.01 0.71 
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Appendix Table 8 (continued). A complete list of differentially expressed genes due to week 
effect-10 vs. 5, FDR<0.20 and P-value <0.15. 
 
Oligos Gene ID Gene Symbol FDR P value Fold 
change 
OLIGO_01130 513959 PHF8 0.20 0.01 0.78 
OLIGO_05638 513994 LRRK1 0.15 0.01 1.48 
OLIGO_06891 514046 RPL17 0.18 0.01 1.27 
OLIGO_05672 514128 BYSL 0.05 0.01 0.83 
OLIGO_04868 514135 BCDO2 0.19 0.01 1.39 
OLIGO_07110 514161 MGC134517 0.07 0.01 1.50 
OLIGO_04486 514189 LOC514189 0.15 0.01 1.43 
OLIGO_11409 514271 TMEM106C 0.17 0.01 2.43 
OLIGO_07436 514313 PACS1 0.05 0.01 0.76 
OLIGO_06727 514360 DSP 0.09 0.01 1.24 
OLIGO_06922 514371 ACTR1A 0.09 0.01 2.13 
OLIGO_03270 514514 CELSR3 0.13 0.01 0.83 
OLIGO_02893 514541 RAB13 0.09 0.01 1.28 
OLIGO_02074 514697 RFK 0.06 0.01 0.70 
OLIGO_07087 514759 ALDH18A1 0.15 0.01 1.21 
OLIGO_05301 514831 PXMP4 0.08 0.01 0.57 
OLIGO_06430 514889 IFNGR2 0.13 0.01 1.34 
OLIGO_10741 514898 P2RX1 0.18 0.01 1.32 
OLIGO_12955 514971 CYP2S1 0.11 0.01 1.48 
OLIGO_06353 515013 SCRN2 0.14 0.01 0.77 
OLIGO_08397 515022 CCS 0.16 0.01 0.87 
OLIGO_03834 515118 RHOB 0.07 0.01 0.87 
OLIGO_05543 515122 ABHD14A 0.20 0.01 1.11 
OLIGO_12374 515135 CDIPT 0.19 0.01 1.73 
OLIGO_09606 515371 PDZD11 0.07 0.01 1.34 
OLIGO_05796 515434 ACRBP 0.09 0.01 1.86 
OLIGO_06544 515465 ICT1 0.14 0.01 1.26 
OLIGO_10574 515476 ORC6L 0.13 0.01 0.84 
OLIGO_04644 515517 LARP2 0.12 0.01 1.31 
OLIGO_10943 515534 RPL35 0.19 0.01 1.18 
OLIGO_05214 515556 ABR 0.11 0.01 1.46 
OLIGO_05849 515631 CCDC62 0.19 0.01 1.30 
OLIGO_07797 515682 TP53I11 0.13 0.01 0.84 
OLIGO_13120 515764 PNLIP 0.03 0.01 0.49 
OLIGO_07956 515834 TGFB1I1 0.09 0.01 0.69 
OLIGO_13043 515999 SAR1B 0.09 0.01 1.27 
OLIGO_12712 516019 SEMA6A 0.15 0.01 1.54 
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Appendix Table 8 (continued).  A complete list of differentially expressed genes due to week 
effect-10 vs. 5, FDR<0.20 and P-value <0.15. 
 
Oligos Gene ID Gene Symbol FDR P value Fold 
change 
OLIGO_08267 516091 CUEDC2 0.19 0.01 1.28 
OLIGO_06977 516420 USP46 0.15 0.01 0.67 
OLIGO_01742 516539 NANP 0.18 0.01 0.88 
OLIGO_06310 516995 NOL14 0.16 0.01 0.74 
OLIGO_10805 517345 ARL1 0.12 0.01 1.50 
OLIGO_07882 517489 INTS12 0.01 0.01 2.31 
OLIGO_12517 517531 MIPEP 0.09 0.01 1.40 
OLIGO_08316 517656 NFS1 0.19 0.01 1.26 
OLIGO_00835 518004 SFRP4 0.14 0.01 1.52 
OLIGO_06192 518157 DBNDD1 0.09 0.01 2.87 
OLIGO_06225 518159 LOC518159 0.05 0.01 1.24 
OLIGO_02552 518186 PHF6 0.20 0.01 0.74 
OLIGO_11601 518632 NUAK2 0.03 0.01 1.56 
OLIGO_01862 518906 LOC518906 0.14 0.01 0.84 
OLIGO_05138 518910 ZBTB5 0.19 0.01 0.64 
OLIGO_10003 519030 SPIRE1 0.17 0.01 0.87 
OLIGO_09226 519751 SPECC1L 0.04 0.01 0.76 
OLIGO_06903 520385 CAMSAP1L1 0.05 0.01 1.51 
OLIGO_09586 520530 MDFIC 0.09 0.01 0.81 
OLIGO_10983 520564 LITAF 0.13 0.01 0.70 
OLIGO_10295 520739 SNX12 0.17 0.01 0.77 
OLIGO_05295 520842 KLF4 0.20 0.01 1.48 
OLIGO_10354 521004 SLC39A10 0.03 0.01 0.63 
OLIGO_00143 521106 SAS10 0.09 0.01 1.34 
OLIGO_07222 521189 SLC11A2 0.11 0.01 0.78 
OLIGO_10400 521822 FADS2 0.17 0.01 0.93 
OLIGO_10870 521868 PTPRH 0.18 0.01 1.35 
OLIGO_12441 521920 SULT1B1 0.15 0.01 1.24 
OLIGO_12529 522002 MAP4K1 0.09 0.01 1.42 
OLIGO_11261 522073 RCN3 0.15 0.01 1.41 
OLIGO_04217 522370 PPAN 0.01 0.01 1.53 
OLIGO_12932 522509 PDE7B 0.07 0.01 0.54 
OLIGO_07520 522721 ZMYM3 0.15 0.01 1.45 
OLIGO_04471 523518 SCUBE1 0.05 0.01 0.64 
OLIGO_06273 523618 IER5 0.08 0.01 0.74 
OLIGO_05808 523783 SLC35E4 0.19 0.01 0.73 
OLIGO_02727 524427 C20orf42 0.06 0.01 1.43 
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Appendix Table 8 (continued). A complete list of differentially expressed genes due to week 
effect-10 vs. 5, FDR<0.20 and P-value <0.15. 
 
Oligos Gene ID Gene Symbol FDR P value Fold 
change 
OLIGO_06914 525380 IER2 0.20 0.01 0.82 
OLIGO_05759 525558 KLF8 0.18 0.01 1.25 
OLIGO_08415 526134 SLC9A2 0.13 0.01 1.49 
OLIGO_08832 526200 LOC526200 0.12 0.01 1.36 
OLIGO_12311 526221 DRD5 0.13 0.01 0.83 
OLIGO_08804 526609 SLC31A2 0.06 0.01 0.62 
OLIGO_13130 526736 KLK10 0.15 0.01 0.71 
OLIGO_09453 526865 PVR 0.19 0.01 1.48 
OLIGO_03250 526884 WDR6 0.01 0.01 1.81 
OLIGO_06874 527590 MMP23B 0.02 0.01 2.17 
OLIGO_06410 527597 TRPM6 0.13 0.01 1.51 
OLIGO_07702 527964 PAR-3 0.11 0.01 1.25 
OLIGO_09906 528167 TNRC6B 0.09 0.01 1.30 
OLIGO_01853 528261 Plekha7 0.18 0.01 0.84 
OLIGO_00633 528735 S100A1 0.07 0.01 0.60 
OLIGO_04130 529062 ANKRD28 0.09 0.01 1.31 
OLIGO_02788 529222 RANBP17 0.10 0.01 1.48 
OLIGO_07843 530414 AGPAT5 0.07 0.01 1.27 
OLIGO_06709 530657 COL6A3 0.18 0.01 0.69 
OLIGO_05215 530776 LASS5 0.20 0.01 1.45 
OLIGO_06417 530865 LIAS 0.09 0.01 2.24 
OLIGO_01965 532120 BBS4 0.18 0.01 1.44 
OLIGO_02474 532406 PERQ1 0.12 0.01 0.80 
OLIGO_09516 532560 SLC25A15 0.15 0.01 1.35 
OLIGO_11540 532571 WWC2 0.13 0.01 1.25 
OLIGO_04003 532572 LAMC1 0.07 0.01 0.72 
OLIGO_05580 532663 ENPP2 0.19 0.01 0.75 
OLIGO_03774 532673 CHD3 0.18 0.01 0.73 
OLIGO_06257 532713 CAMK2D 0.19 0.01 0.83 
OLIGO_11377 532715 IQGAP1 0.11 0.01 1.53 
OLIGO_10668 532719 GDPD5 0.10 0.01 1.15 
OLIGO_02123 532772 LTBP3 0.13 0.01 0.81 
OLIGO_12672 532845 COG3 0.14 0.01 0.81 
OLIGO_12559 532887 PLEKHA5 0.18 0.01 1.53 
OLIGO_12407 533038 TM4SF1 0.20 0.01 1.49 
OLIGO_04997 533039 SRF 0.17 0.01 0.84 
OLIGO_12334 533086 HSD17B6 0.19 0.01 2.02 
OLIGO_01262 533109 TYW1 0.17 0.01 1.31 
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Appendix Table 8 (continued). A complete list of differentially expressed genes due to week 
effect-10 vs. 5, FDR<0.20 and P-value <0.15. 
 
Oligos Gene ID Gene Symbol FDR P value Fold 
change 
OLIGO_04690 533161 KIF2C 0.05 0.01 1.38 
OLIGO_10900 533184 TTYH2 0.17 0.01 1.27 
OLIGO_03518 533256 CN442013 0.08 0.01 0.74 
OLIGO_11201 533296 TRIM33 0.15 0.01 1.41 
OLIGO_06093 533356 WDR18 0.19 0.01 1.55 
OLIGO_12882 533785 BPGM 0.02 0.01 1.46 
OLIGO_06089 533918 SH3GLB1 0.11 0.01 1.37 
OLIGO_00384 534090 BDH1 0.17 0.01 1.38 
OLIGO_03865 534211 BIRC6 0.19 0.01 1.29 
OLIGO_09208 534311 TOR2A 0.19 0.01 1.23 
OLIGO_02748 534319 NID1 0.11 0.01 0.73 
OLIGO_09830 534394 NIP30 0.05 0.01 1.61 
OLIGO_09936 534401 ZBTB16 0.08 0.01 0.69 
OLIGO_11556 534482 FSTL1 0.18 0.01 0.82 
OLIGO_08518 534574 MFN2 0.12 0.01 0.87 
OLIGO_06118 535018 TARBP1 0.12 0.01 0.81 
OLIGO_09810 535026 CHD2 0.11 0.01 1.27 
OLIGO_05902 535043 ITGA6 0.09 0.01 1.44 
OLIGO_11028 535131 LUC7L 0.15 0.01 0.81 
OLIGO_07219 535185 FBLN5 0.13 0.01 1.48 
OLIGO_06473 535219 CUL2 0.19 0.01 1.49 
OLIGO_01914 535290 MRPS28 0.16 0.01 1.36 
OLIGO_06674 535305 ALKBH7 0.01 0.01 1.44 
OLIGO_08113 535399 Lef1 0.01 0.01 0.57 
OLIGO_09829 535442 SGSH 0.15 0.01 0.81 
OLIGO_05772 535622 MAP3K8 0.19 0.01 1.35 
OLIGO_01398 535652 LRRK2 0.15 0.01 0.66 
OLIGO_13058 535814 ZDHHC21 0.05 0.01 2.17 
OLIGO_13188 535990 KCNB2 0.01 0.01 1.83 
OLIGO_02113 536375 C14orf83 0.20 0.01 0.67 
OLIGO_06402 536409 PAPSS2 0.07 0.01 1.61 
OLIGO_12858 536421 CYLD 0.07 0.01 1.22 
OLIGO_02704 536604 DPP8 0.13 0.01 1.30 
OLIGO_02778 537349 DZIP3 0.02 0.01 0.49 
OLIGO_05069 537445 AQR 0.08 0.01 0.83 
OLIGO_01765 537483 Adamtsl3 0.17 0.01 0.62 
OLIGO_11293 537667 LYAR 0.13 0.01 0.78 
OLIGO_06821 537682 Sos1 0.13 0.01 0.84 
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Appendix Table 8 (continued). A complete list of differentially expressed genes due to week 
effect-10 vs. 5, FDR<0.20 and P-value <0.15. 
 
Oligos Gene ID Gene Symbol FDR P value Fold 
change 
OLIGO_05508 537817 TBC1D9 0.20 0.01 0.86 
OLIGO_05866 537907 ST5 0.18 0.01 0.79 
OLIGO_03076 537963 STXBP4 0.15 0.01 1.32 
OLIGO_08039 538164 DNAL1 0.15 0.01 0.72 
OLIGO_04174 538337 CDKL5 0.11 0.01 1.45 
OLIGO_01611 538354 TMEFF2 0.20 0.01 0.77 
OLIGO_02288 538357 EPRS 0.11 0.01 1.50 
OLIGO_10382 538493 C14orf173 0.12 0.01 0.83 
OLIGO_01492 538533 Tia1 0.12 0.01 0.81 
OLIGO_04259 538575 PRSS23 0.15 0.01 0.80 
OLIGO_10042 538585 FLJ21839 0.17 0.01 1.34 
OLIGO_10504 538598 IRS1 0.20 0.01 0.87 
OLIGO_06998 538717 FNBP1 0.13 0.01 0.81 
OLIGO_13190 538771 KIF5C 0.08 0.01 0.76 
OLIGO_03783 538838 LSM14A 0.12 0.01 0.75 
OLIGO_04781 538866 HIPK3 0.13 0.01 1.33 
OLIGO_04002 538957 LOC538957 0.16 0.01 0.81 
OLIGO_07905 539061 POLR1D 0.19 0.01 0.72 
OLIGO_08137 539086 ARHGAP5 0.13 0.01 1.39 
OLIGO_10625 539092 OXR1 0.20 0.01 1.39 
OLIGO_06415 539124 TRAF6 0.17 0.01 1.29 
OLIGO_01131 539222 PBX3 0.13 0.01 0.83 
OLIGO_07007 539247 APH1A 0.10 0.01 0.66 
OLIGO_09858 539284 TSPAN33 0.09 0.01 1.38 
OLIGO_02614 539395 C17orf59 0.17 0.01 0.83 
OLIGO_04808 539556 PDE4D 0.13 0.01 0.71 
OLIGO_05061 539572 LOC91431 0.20 0.01 1.61 
OLIGO_03113 539674 LOC539674 0.17 0.01 1.50 
OLIGO_04547 539781 CHMP5 0.09 0.01 1.55 
OLIGO_11100 539785 SAFB 0.15 0.01 1.46 
OLIGO_01151 539836 ZNF689 0.16 0.01 1.31 
OLIGO_03582 539941 LOC539941 0.06 0.01 0.67 
OLIGO_01773 539966 ZBTB24 0.12 0.01 0.74 
OLIGO_10269 540342 ZNF235 0.06 0.01 1.42 
OLIGO_10673 540432 ARMET 0.16 0.01 0.82 
OLIGO_02759 540626 FAM118B 0.09 0.01 0.81 
OLIGO_02205 540720 MRPL46 0.20 0.01 1.39 
OLIGO_08154 540859 TCEB1 0.09 0.01 1.31 
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Appendix Table 8 (continued). A complete list of differentially expressed genes due to week 
effect-10 vs. 5, FDR<0.20 and P-value <0.15. 
 
Oligos Gene ID Gene Symbol FDR P value Fold 
change 
OLIGO_05030 540985 ME1 0.06 0.01 1.58 
OLIGO_05030 540985 ME1 0.14 0.01 1.54 
OLIGO_08010 541004 NRP2 0.11 0.01 0.70 
OLIGO_06137 541044 RBM15 0.11 0.01 1.38 
OLIGO_10677 541288 CHMP7 0.20 0.01 1.18 
OLIGO_13116 574056 TNFRSF8 0.18 0.01 1.29 
OLIGO_04663 613483 C16orf74 0.19 0.01 1.30 
OLIGO_06440 613570 HADH 0.20 0.01 1.43 
OLIGO_07993 613614 C14orf156 0.15 0.01 1.34 
OLIGO_11221 613664 RPL10A 0.10 0.01 1.29 
OLIGO_07746 613774 TMEM70 0.18 0.01 1.19 
OLIGO_10680 613811 CXCL12 0.10 0.01 0.70 
OLIGO_07600 613930 MGC128212 0.06 0.01 0.70 
OLIGO_05870 614002 C16orf46 0.10 0.01 2.09 
OLIGO_11323 614026 RANBP9 0.12 0.01 1.38 
OLIGO_06174 614096 ELOVL7 0.01 0.01 0.54 
OLIGO_08899 614141 LOC614141 0.19 0.01 1.19 
OLIGO_06715 614148 MRPL42 0.13 0.01 1.32 
OLIGO_05384 614262 VSIG4 0.12 0.01 1.63 
OLIGO_12392 614456 KRT6A 0.02 0.01 1.71 
OLIGO_12392 614456 KRT6A 0.02 0.01 1.56 
OLIGO_03104 614488 AVPI1 0.14 0.01 0.87 
OLIGO_02053 614576 BIN1 0.15 0.01 1.25 
OLIGO_03456 614940 PRSS35 0.16 0.01 1.34 
OLIGO_05131 614958 PDIA6 0.01 0.01 0.60 
OLIGO_08006 615197 PCNP 0.13 0.01 1.25 
OLIGO_04951 615419 VASH1 0.20 0.01 0.83 
OLIGO_02841 615465 EG226654 0.20 0.01 0.88 
OLIGO_00648 615596 TSPAN7 0.06 0.01 1.51 
OLIGO_03488 615820 PPA2 0.09 0.01 1.38 
OLIGO_02107 616142 C1orf174 0.15 0.01 1.53 
OLIGO_02523 616225 ATOH8 0.10 0.01 1.55 
OLIGO_03335 616626 C7orf49 0.17 0.01 1.31 
OLIGO_06024 616665 FNBP1L 0.12 0.01 0.77 
OLIGO_03426 616730 KLF11 0.11 0.01 0.82 
OLIGO_11154 616809 GOLGA7 0.16 0.01 1.28 
OLIGO_12526 616818 S100A8 0.09 0.01 0.71 
OLIGO_12998 616822 SPINK4 0.04 0.01 0.67 
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Appendix Table 8 (continued). A complete list of differentially expressed genes due to week 
effect-10 vs. 5, FDR<0.20 and P-value <0.15. 
 
Oligos Gene ID Gene Symbol FDR P value Fold 
change 
OLIGO_02203 616913 FZD8 0.19 0.01 1.26 
OLIGO_12884 616943 VSIG2 0.15 0.01 0.87 
OLIGO_08755 616974 SPA17 0.11 0.01 1.41 
OLIGO_00074 616981 PLEKHC1 0.16 0.01 0.76 
OLIGO_08171 617236 SUMO3 0.20 0.01 1.27 
OLIGO_12873 617377 ZNF408 0.09 0.01 1.34 
OLIGO_05378 617445 KAZALD1 0.13 0.01 1.30 
OLIGO_06123 617512 CCNDBP1 0.20 0.01 1.86 
OLIGO_08955 617797 SH3BGR 0.11 0.01 0.85 
OLIGO_10713 617901 MRPL13 0.18 0.01 1.23 
OLIGO_12638 618204 ALAS2 0.03 0.01 1.34 
OLIGO_08754 618267 AP4S1 0.13 0.01 0.68 
OLIGO_01552 618379 DNAL4 0.20 0.01 1.36 
OLIGO_10392 618571 HEXB 0.09 0.01 1.52 
OLIGO_03400 618573 GARNL1 0.18 0.01 1.68 
OLIGO_07338 618617 FAM100B 0.18 0.01 0.77 
OLIGO_10007 618644 DUSP16 0.09 0.01 0.87 
OLIGO_00232 618649 SHANK2 0.08 0.01 0.74 
OLIGO_03677 618672 FAM100A 0.16 0.01 1.21 
OLIGO_09582 618886 C6orf89 0.18 0.01 0.77 
OLIGO_11449 619066 RAC1 0.07 0.01 1.24 
OLIGO_08606 767828 SUV420H1 0.11 0.01 0.67 
OLIGO_08275 767873 SNRPB2 0.15 0.01 0.78 
OLIGO_07698 767911 TMEM60 0.11 0.01 0.82 
OLIGO_05665 767977 BRP44L 0.02 0.01 1.52 
OLIGO_11378 768015 PIGF 0.11 0.01 1.29 
OLIGO_12349 768039 HOXA5 0.10 0.01 0.70 
OLIGO_08496 768074 ETFDH 0.07 0.01 1.49 
OLIGO_07473 777691 MTCP1 0.17 0.01 0.71 
OLIGO_01744 777787 FABP7 0.12 0.01 0.58 
OLIGO_03137 781555 ASTN2 0.17 0.01 0.74 
OLIGO_03140 782059 SCYL2 0.09 0.01 1.33 
OLIGO_06425 782315 IQGAP2 0.07 0.01 1.65 
OLIGO_12570 782347 DNMBP 0.19 0.01 1.46 
OLIGO_10507 782437 RPL7 0.20 0.01 1.39 
OLIGO_09027 782535 DMXL2 0.13 0.01 1.57 
OLIGO_12864 782605 ELL2 0.19 0.01 0.82 
OLIGO_10826 782606 LOC782606 0.20 0.01 0.83 
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Appendix Table 8 (continued).  A complete list of differentially expressed genes due to week 
effect-10 vs. 5, FDR<0.20 and P-value <0.15. 
 
Oligos Gene ID Gene Symbol FDR P value Fold 
change 
OLIGO_01881 782711 WRNIP1 0.11 0.01 0.81 
OLIGO_05152 782799 LOC782799 0.09 0.01 0.61 
OLIGO_09762 783068 MGC151567 0.16 0.01 1.37 
OLIGO_01206 783163 LOC783163 0.20 0.01 0.74 
OLIGO_05591 783546 MKKS 0.07 0.01 1.21 
OLIGO_10962 783725 CD72 0.20 0.01 0.81 
OLIGO_04257 784403 PFTK1 0.11 0.01 0.82 
OLIGO_07811 784716 CDH23 0.11 0.01 1.17 
OLIGO_01011 784779 PHACTR3 0.15 0.01 0.71 
OLIGO_13177 784869 AKR1CL1 0.08 0.01 1.84 
OLIGO_11072 785297 FTL 0.20 0.01 1.37 
OLIGO_06837 785386 RPL10 0.10 0.01 1.18 
OLIGO_03407 785612 GTF2A1 0.17 0.01 0.65 
OLIGO_11662 785633 SKP1A 0.18 0.01 0.82 
OLIGO_00225 785664 STON2 0.19 0.01 0.80 
OLIGO_00320 785824 CYP2D6 0.14 0.01 1.87 
OLIGO_10571 786430 RPL23A 0.19 0.01 1.23 
OLIGO_10903 786607 MUC16 0.16 0.01 0.61 
OLIGO_09497 787004 LOC57228 0.12 0.01 0.77 
OLIGO_01119 787473 NTNG1 0.20 0.01 0.76 
OLIGO_10766 787512 CMTM4 0.13 0.01 1.20 
OLIGO_07605 787596 KIAA1219 0.11 0.01 1.42 
OLIGO_10612 787914 FUS 0.11 0.01 1.30 
OLIGO_07106 788251 PLEKHO1 0.11 0.01 0.80 
OLIGO_00278 788491 ZBTB7A 0.18 0.01 1.24 
OLIGO_08975 788496 BTF3L4 0.15 0.01 1.26 
OLIGO_06195 788719 FMO5 0.11 0.01 1.66 
OLIGO_05682 788826 CFH 0.08 0.01 1.76 
OLIGO_10525 788861 RPS17 0.17 0.01 1.22 
OLIGO_10979 789414 LOC789414 0.04 0.01 1.38 
OLIGO_11211 790086 LOC615688 0.14 0.01 0.80 
OLIGO_00295 790874 NOVA1 0.18 0.01 1.21 
OLIGO_06828 790875 Gsk3b 0.13 0.01 0.82 
OLIGO_09214 100125318 IK 0.17 0.01 1.20 
OLIGO_01386 100125763 C5orf13 0.01 0.01 0.60 
OLIGO_03412 100125775 IGSF1 0.13 0.01 0.83 
OLIGO_10851 100126182 BF045978 0.11 0.01 0.73 
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Appendix Table 8 (continued). A complete list of differentially expressed genes due to week 
effect-10 vs. 5, FDR<0.20 and P-value <0.15. 
 
Oligos Gene ID Gene Symbol FDR P value Fold 
change 
OLIGO_04264 100126544 C6orf1 0.20 0.01 1.69 
OLIGO_01245 100135054 KLF16 0.16 0.01 1.30 
OLIGO_07424 100137723 GTF2H4 0.15 0.01 1.21 
OLIGO_10684 100138303 ARHGEF10 0.05 0.01 1.70 
OLIGO_04025 100138731 BCL6B 0.05 0.01 0.81 
OLIGO_05700 100138953 BBS7 0.11 0.01 1.61 
OLIGO_09144 100139246 FYCO1 0.14 0.01 1.23 
OLIGO_12598 100139476 GPR39 0.09 0.01 1.20 
OLIGO_12333 100139730 COL15A1 0.15 0.01 0.67 
OLIGO_11408 100139818 EFNB2 0.10 0.01 0.69 
OLIGO_07812 100140348 KIAA0408 0.09 0.01 0.54 
OLIGO_04164 100140422 TC326142 0.19 0.01 1.31 
OLIGO_09120 100141038 PSCD1 0.06 0.01 0.58 
OLIGO_04890 100302363 ETS1 0.10 0.01 0.86 
OLIGO_11313 100302388 LOC512590 0.17 0.01 1.23 
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Appendix Page 1 
 
Description of Supplementary File 
 
 DAVID analysis for three major categories is shown in Supplementary File 1. 
The three main categories including Biological Process (GOTERM_BP_FAT), Cellular 
Component (GOTERM_CC_FAT) and Molecular Function (GOTERM_ MF_FAT) are shown 
for interaction and time effect in excel sheet 1, 2, and 3 respectively.  
